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Introduction 


Evolution is the underlying principle that defines the biological sciences. This 
biological science course, unlike many others, includes a strong, historically oriented 
investigation of the development of modern evolutionary theory. Only after the theory 
has been defined and explored are the later discoveries that support the theory examined. 
In this sense the material near the beginning of this course is covered historically in the 
same sequence as the original discoveries were made. This is very different from most 
courses, which begin with the false assumption that we have always known all the 
“facts”, we know today. 

This reader includes eight selections that deal with the historical development of 
the unifying theory in biology — organic evolution. The selections include information 
on the historical development of Darwin’s theory of evolution by means of natural 
selection and the data that were used to support evolutionary theory. These readings 
allow students to trace the historical development of evolutionary theory and help 
students to better understand this important biological concept. 

When most people think of science and the development of theories (models) they 
think of acquiring knowledge in a step by step process. A scientist builds a theory by 
carefully sorting through as much available evidence as possible, posing and testing 
hypotheses, and then finally advancing a theory that is supported by the evidence. This is 
the “data-model” loop that was introduced in the freshman course. However, more often 
than not theories are proposed before all the evidence necessary to support them is 
available. This was the case with evolutionary theory. Darwin brought together as much 
descriptive, empirical evidence supporting evolution as he could when he was 
formalizing his theory, yet much critical information was not available. How was genetic 
information passed from parent to offspring? What physical material was inherited? How 
could variation be maintained within populations? What evidence, other than the 
imperfect fossil record, was there to support slow gradual change of organisms over 
time? What was the exact age of the Earth? These represent just a few of the unsolved 
scientific problems Darwin faced as he prepared to publish his work in 1859. 

For the modern student it is inconceivable that Darwin proposed his theory of 
evolution without knowing of the work in plant breeding done by Johann (Gregor) 
Mendel. Classical genetics as first proposed by Mendel, is something that every student 
studies, often before they have even heard of Darwin. In an historical context Mendel had 
presented his findings in two lectures to the Natural History Society of Briinn (Brno) in 
1865 and they were published in 1866, seven years after Darwin published the Origin of 
Species (Mayr, 1982). Although modern scientists would consider Mendel’s research and 
publication exemplary, scientists at the time showed very little interest in Mendel’s work. 
Mendel’s paper was available to Darwin through the Linnaean Society of London, but 
there is no indication he ever was aware of this work. In fact, the significance of 
Mendel’s work would not be fully recognized until 1900 and its relationship to Darwin’s 
theory would not be solidified until the 1930s. 

Also unavailable to Darwin was any knowledge of nucleic acids, which were first 
described by Friedrich Miescher in 1869. Miescher named this dark staining, phosphorus- 
rich material found in the nuclei of cells nuclein. Further analysis suggested that it was in 
fact very pure nucleic acid, which we now call deoxyribonucleic acid or DNA (Mayr, 


1982). Miescher had no idea what the function of this substance was and it would be 
almost 100 years before DNA was universally accepted as the genetic material. 

Further complicating the early acceptance of Darwin’s theory was any 
understanding of how cells, especially reproductive cells, divide and pass on genetic 
material. Many scientists from the1840s through the1880s conducted significant work on 
cell division. The process of somatic cell division or mitosis was well described by 1882 
while meiosis, the division of reproductive cells leading to the production of gametes, 
was not fully described until a few years later (Mayr, 1982). 

Darwin developed his theory of evolution by means of natural selection without 
knowing anything about Mendelian genetics, DNA or cell division. It is unlikely that a 
modern scientist would work in this way — developing a major, unifying theory without 
knowing the mechanisms by which it could occur. To many students it seems a bit 
backwards from the way we are taught science normally proceeds. Yet this is exactly 
what Darwin did. What Darwin did and how he did it is an extraordinary act of scientific 
genius. It should cause the modern student to examine more closely what Darwin’s 
evidence was and how this evidence allowed him suggest a culturally controversial 
theory without knowing the cellular mechanisms of inheritance. 

The selections in this text are designed to provide greater insight into the 
discoveries associated with Darwinian evolution. Part I contains chapters from Daniel 
Boorstein’s book, The Discoverers and provides an historical overview of the 
development of evolutionary theory. The chapters relate to the pre-Darwinian ideas about 
evolution. Part II includes one chapter from The Discoverers dealing with Darwin and 
Wallace, selected chapters from the first edition of the Origin of Species, and the article 
by A.R. Wallace that stimulated Darwin to finally write his book. Part III includes a 
chapter from a book by Loren Eiseley, which examines Mendel, his work, and how it 
relates to Darwinian evolution, and a chapter on Miescher’s discovery of nuclein from the 
book, A Century of DNA by Portugal and Cohen. Part IV consists of a chapter from Ernst 
Mayr’s book, The Growth of Biological thought, which ties together all the threads of 
evolutionary thinking that ultimately led to the Modern Synthesis. This selection is 
critical since many students have been taught that Darwin suggested the theory of 
evolution by natural selection in 1859 and from that date on evolution was the accepted 
theory. What are lost with this simplified interpretation are the differences that existed 
within the scientific community at the time of the publication of the Origin, and how the 
Mendelians and Naturalists had to come together in the 1930s-1940s to develop our 
modern view of evolution. Additionally, part IV contains the introduction from Christian 
De Duve’s book, Life Evolving: Molecules, Mind and Meaning. This short work 
introduces the concepts of molecular similarity in organisms and supplies additional 
evidence for evolution. The last part of the reader is an article by Singer and Nicholson in 
which they suggest a model for the plasma membrane of cells. Cells, the basic unit of 
life, would not exist without a membrane that functions as both a barrier to and 
passageway for materials inside and outside a cell. The uniformity of membrane structure 
in cells of different living organisms is strong evidence for the evolution. 

The reader is by no means complete since many other primary and synthetic 
papers dealing with the development of evolutionary theory could have been included. 
Students should use the readings to help them understand evolutionary theory and how it 
developed. Evolution is the unifying concept of the biological sciences. It permeates all 


aspects of science and our modern culture. Evolution is a scientific theory and it is a 
theory with a history. Complete understanding of modern evolutionary theory and its 
effect on human culture can only be achieved by examining its development. The 
readings in this text will help students develop their understanding of evolutionary 
theory. 
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Part I. Pre-Darwinian Views: Introduction 


simply means change. One of the first things that anyone 
who examines sate etre TAC will notice is that constant change is the only 
consistent feature observed. Seasons change with precise regularity. 
Organisms grow, develop, age and die. Longer-term change is possible to 
observe for those who are long-lived or who read the records of past observers. 


Acie characterized the realm of Earth | as essential ae 


did the notion of fain & life found have such a difficult road to acceptance? 
Daniel Boorstein, in this portion of his monumental work, The 
Discoverers, shows us the long and tortuous history of the idea of organic — 


bee ee That one kind of organism can give rise to others different 
from ancestral forms, and that organisms and their environments interact to 
produce adaptation are notions that no educated person can today deny. In the 
mid-nineteenth century, however, very few educated persons would have 


considered these ideas worth their time, let alone their belief. 
How did ideas about organic evolution develop? How did they gain 
ry idea that changes human thinking forever, the notion that 
and that environments can dictate which changes persist 
and which die out, has a long history. Like the similarly revolutionary idea 
that the Earth was not the center of the universe, ideas about biological change 
had»to overcome significant opposition from established religion. More 
importantly, however, evolutionary ideas had to counter entrenched notions 
about the uniqueness of human beings, and our place in the biosphere. 
Boorstein begins his history by looking at and early 
efforts to classify the astounding numbers of life forms catalogued by 
naturalists and travelers. Classification leads to thinking about the source of 
biodiversity, and Boorstein next shows how the definition of a species is the 
source of questions about whether life forms can vary or not. The names John ~ 


‘Ray, Carolus Linnaeus, and the Comte de Buffon are important in this part of 
the historical treatment of evolutionary thought. All these men denied that 
species could change — yet all contributed greatly to the body of work that will 
eventually persuade Charles Darwin and Alfred Russel Wallace that 
evolutionary change is the cause of biodiversity. 

Similarity in physical structure is one of the most compelling 
arguments for organic evolution. The work of Edward Tyson squarely 
addressed the thorny question of human origins, and made the idea that 


treatment i i foundation laid by such scientists as ee 
and Lamarck. This foundation \ was critical in allowing Darwin and — 


Questions to consider: 


1. How does classification lead to questions about the ongin of 
biodiversity? 


2. What was the Great Chain of Being? How is Lamarck’s theory similar 
to the underlying ideas of the Great Chain? 


3. What is meant by ‘fixity of species’? Why was this idea such a difficult 
notion to overcome? 


4. How does Buffon’s idea about the interaction of organisms and their 
environment point towards evolutionary thought? 


5. How do Darwin’s and Wallace’s experiences in the Pacific change their 
thinking about evolution? 


SKSS 
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Learning to Look 


For fifteen hundred years the learned of Europe who wanted to know about 
nature relied on their “herbals” and their “bestiaries,”’ textual authorities 
whose tyranny was quite like that of Galen over medicine, and whose poetic 
delights lured readers away from the outdoor world of plants and animals. 
Today when we read those guides we understand why medieval Europeans 
were so slow in learning to look. The pages of the illuminated herbals and 
bestiaries have never been excelled in charming whimsy or as miscellanies 
of home remedies. 

These sources of medieval botany, the herbals, were the legacy of Dios- 
corides, the ancient Greek surgeon who had traveled about the Mediterra- 
nean with the armies of the emperor Nero. His De materia medica (c. 77) 
surveyed botany mainly as a kind of pharmacology. Physicians went 
about solemnly trying to match Dioscorides’ description of plants he saw 
on the fringes of the warm Mediterranean with what they found in Ger- 
many, Switzerland, or Scotland. Like Galen, Dioscorides had studied Na- 
ture, but Dioscorides’ disciples studied Dioscorides. He had vainly hoped 
that his readers would “not pay attention so much to the force of our 
words, as to the industry and experience that I have brought to bear on 
the matter.’ By an alphabetical arrangement earlier writers had separated 
“both the kinds and the operations of things that are closely related, so 
that thereby they come to be harder to remember.” By contrast, he him- 
self paid attention to where plants grew, to when and how they ought to 
be gathered, and even to the sorts of containers in which they should be 
stored. Like other classic authors, he produced few disciples and many 
exegetes. These treasured his words but forgot his example. He ceased to 
be a teacher as he became a text. 

Yet to the practical-minded of the medieval centuries Dioscorides was 
delightfully appealing, for he did not distract his readers by theory or 
taxonomy. Written in Greek, Dioscorides’ herbal arranged more than six — 
i hich should be sought out for 
oils, ointments, fats, or aromatics? Which would cure headaches or remove 
spots on the skin? What fruits or vegetables or roots were edible? What were 
local sources of spices? What plants were poisonous and what were their 
antidotes? What medicines could be made 

Countless surviving manuscripts of “‘Dioscorides” attest his popularity 
throughout the Middle Ages. The more we read the texts, the less we are 
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puzzled by Dioscorides’ popularity or by the surviving power of his nomen- 
clature. For example, the first item among his “aromatics,” in the transla- 
tion (1655) by John Goodyer: 


Iris is soe named from the resemblance of the rainbow in heaven. . .. The rootes 
under are knotty, strong, of a sweet savour, which after cutting ought to be dryed 
in the shade, & soe (with a linnen thread put through them) to be layd vp. But 
ye best is that of Illyria & Macedonia. . .. The second is that of Lybia. . . . But 
all of them haue a warming, extenuating facultie, fitting against coughs, & extenu- 
ating grosse humors hard to get up. They purge thick humors & choler, being 
dranck in Hydromel to the quantity of seven dragms they are also causers of sleep 
& prouokers of tears & heale the torments of ye belly. But dranck with vinegar 
they help such as are bitten by venemous beasts, and the splenitick and such as 


are troubled with convulsion fitts, & such as are stiff with cold, & such as let fall 
their food. 


The berry of the juniper, we learn, is “good for ye stomach, being good 
taken in drinck for the infirmities of the Thorax, Coughs, & infiations, 
tormina, & ye poysons of venemous beasts. It is also vreticall, whence it is 
good both for convulsions, & ruptures, & such as haue strangled wombes.”’ 
The common radish “also breeds winde and heates, wellcome to the mouth, 
but not good for ye stomach, besydes it causeth belching and is vreticall. 
It is good for ye belly if one take it after meate, helping concoction ye more, 
but being eaten before, it doth suspend the meate; wherefore, it is good for 
such as desire to vomit to eate it before meate.” The mandrake root can be 
prepared for anaesthesia “‘to such as shall be cut, or cauterized. ... For they 
do not apprehend the pain because they are overborn with dead sleep. 
. -. But used too much they make men speechless.” 

A thousand years of “‘Dioscorides” manuscripts shows us what it meant 
to be at the mercy of copyists. With the advancing centuries, the illustra- 
tions move farther and farther away from nature. The copies of copies grew 
imaginary leaves for symmetry, enlarged roots and stems to fill out the 
rectangular page. Copyists’ fancies became conventions. 

Whimsical scribes took clues from the names as much as the properties + 
of the plants, making botany a branch of philology. From the flowers of the 
Narcissus plant emerged tiny human figures, reminiscent of the unlucky 
youth who saw and loved his own image everywhere. The “Tree-of-life” was 
entwined by a serpent with a woman’s head. The “‘Barnacle-tree”’ or “Goose 
Tree” bore shells that opened and hatched out the barnacle geese found in 
northern Scotland. 

When the printing press first appeared in Europe, the most useful botani- 
cal information was still found in the ancient herbals as expanded and 
“improved” by generations of scribes. Printers with a heavy investment in 
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wood blocks or copperplates were then understandably reluctant to junk 
them simply because the pictures did not match the words of the text. Even 
scholars who might have been tempted to look at the plants themselves 
found it more convenient to compare manuscripts and gloss texts. 

Printed herbals quickly became stock items. The Liber de pro; rietatiibus 
rerum (c. 1470), by an English monk who lived in the thirteenth century, 
went through twenty-five editions before the end of the fifteenth century. 
The vernacular opened avenues for facts from all Europe. But the herbal 
had obvious limits. Of every plant it always asked the same question: How 
can you amuse me, feed me, salve me, cure me? 

In the late sixteenth century the holder of the chair in botany at the 
University of Bologna was still described as “Reader of Dioscorides.” As 
each generation added its tidbits, seldom distinguished from the original, 
botanists and pharmacologists were mere commentators. The herbal was a 
catalogue of ‘simples,’ medicines each of which had only one constituent, 
usually from one plant. 

The Italian physician Pierandrea Mattioli (1501-1577) offered the first 
translation of Dioscorides into a European vernacular. His commentaries 
in Italian (Venice, 1544) became a publishing phenomenon when it sold 
thirty thousand copies. Then by translating Dioscorides into Latin and 
adding synonyms for the plant names in several languages, he helped popu- 
larize the work across Europe. M 


ore than fifty editions in German, French, 
Czech, and other European languages made Mz i’s refurbished Diosco 


ih the herbals did for botany the bestiaries did for zoology. They, too, 


derived from a single ancient original, embroidered over centuries. And 
during the Middle Ages, they were exceeded in popularity only by the Bible. 
In our time the printed best seller speedily reaches across space but only 
seldom reaches out into the generations. In the age of the manuscript the 
power of a single classic author was deathless. The Empire of the Learned 
was ruled by an oligarchy of a few chameleon “authors.” Classic names 
were made to serve later generations by countless latent revisions, and the 
original author became a phantom. The hand of the scribe overruled the 
author. 

The original of the bestiaries took its name from a Greek, Physiologus | 
(“Naturalist”), about whom we know very little. His work, probably writ- 
ten before the mid-second century, appears to have been divided into forty- 
eight sections, each linked to a text from the Bible. A few facts, embellished 
by abundant theology, morality, folklore, myth, rumor, and fable, provided 
zoology for generations. By the fifth century there were translations, besides 
the Latin, into Armenian, Arabic, and Ethiopian. Later it was among the 
earliest works translated into the European vernaculars, including Old High 
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German, Anglo-Saxon, Old English, Middle English, Old French, Proven- 
cal, and Icelandic. 

The Greek version included some forty animals in a delectable potpourri. 
Naturally, the lion, king of the beasts, comes first, and with three salient 
facts: he uses his tail to rub out his footprints so hunters cannot follow him; 
he sleeps with his eyes open; and the newborn cub remains dead for three 
days until the father lion breathes life into it. So, too, the body of Christ 
was dead, yet like the newborn lion, He remained awake and ready for 
Resurrection on the third day. 

The remaining animals—lizard, night raven, phoenix, hoopoe, and 
thirty-odd others—carry a heavy baggage of morals. None is more vivid 
than the “‘ant-lion,” offspring of the unnatural union of a lion and an ant, 
who is doomed to starve because the nature of the ant will not permit it to 
eat meat, and the nature of the lion keeps it from eating plants. So, too, none 
can survive who try to serve both God and the Devil. 

Many “translations” were in verse, because bad verse was more memoriz- 
able than good prose. Compounding from Physiologus’ work, Pliny and 
others pioneered with bestiaries in the new European vernaculars. For 
example, the Bestiare d’amour of Richard de Fournival delighted readers 
at court with the verses of a nobleman urging his lady love to imitate the 
turtle dove. But, instead, she imitates the aspis snake and covers her ears 
so as not to be seduced by his honeyed words. 

““Ask now the beasts,” urged Job in a favorite passage of the bestiaries, 
“and they shall teach thee; and the fowls of the air, and they shall tell thee: 
Or speak to the earth, and it shall teach thee: and the fishes of the sea shal! 
declare unto thee.” Since God himself had named his creatures, the name 
of anything was a clue to its meaning. Birds, we are told, are called A-ves — 
“because they do not follow straight roads (visas), but stray through any 
byway.” “Ursus the Bear, connected with the word ‘Orsus’ (a beginning), 


is said to get her name because she sculptures her brood with her mouth 
(ore).”” 


If we see an uplifting symbolism of divine symmetry, Saint Augustine | 
himself had declared, we should not worry whether a creature really exists. 
There must of course be a sea horse because there is a horse on land, just 
as the serpent on land suggests an eel in the sea. And because there is a 
Leviathan (a female monster in the sea), there must be a Behemoth (a male 
monster on the land). 

Myths, unlike facts, were uncorrectable. Who could persuade us to aban- 
don Narcissus, the Phoenix, or the Sirens? Modern authors—Lewis Carroll, 
E. B. White, Thurber, Chesterton, Belloc, and Borges—have kept legends 
of the animate world alive with their own flights of wit and fancy. 
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In the herbals and the bestiaries the author and the illustrator were not only 
different people, they were sometimes separated by centuries. The earliest 
surviving copy of De materia medica, made about A.D. 512, four centuries 
after Dioscorides’ death, offered illustrations copied from those by Kra- 
teuas, who had died a century before Dioscorides was born. Commonly 
scribes wrote the text, leaving space for the illustrator to fill in later, but 
sometimes the tasks were done in reverse order. Often illuminators could 
not read the language of the text, and sometimes they could not read at all. 
Occasionally the master named in the margins the miniature to be copied. 
Over the centuries different illustrations were used for the same text, and 
vice versa. 


Pliny himself (A.D. 23-79) had noted the difficulties: 


Some Greek wniters . . . adopted a very attractive method of description, . . . It 
was their plan to delineate the various plants in colours, and then to add in writing 
a description of the properties which they possessed. Pictures, however, are very 
apt to mislead, where such a number of tints is required for the imitation of nature 
with any success; in addition to which, the diversity of copyists from the original 
paintings, and their comparative degrees of skill, add very considerably to the 
chances of losing the necessary degree of resemblance to the originals. . . . 

Hence it is that other writers have confined themselves to a verbal description 
of the plants; indeed some of them have not so much as described them even, but 
have contented themselves for the most part with a bare recital of their names, 
considering it sufficient if they pointed out their virtues and properties to such 
as might feel inclined to make further inquiries into the subject. 


Only a rare few who combined in themselves the talents of both naturalist 
and artist could transform miscellaneous objects into specimens (from Latin _ 
specere, “to look at” or “to see”’), items not merely written about but shown. 
The contrast between the schematic designs of the herbals and the true-to- 
life botanical drawings done about 1500 by Leonardo da Vinci or Direr is 
startling. Leonardo himself recalled having made “many flowers drawn 
from life,” and from his renderings of a bramble, a wood anemone, and a 
marsh marigold modern botanists can unmistakably identify each of the 
species. Diirer’s vivid meadow turf—the random cluster of a dozen different 
grasses—seen from sod level is said to be the first precise ecological study 
in botany. 


In that Age of Discovery when novelties of all sorts were flooding Europe 
from distant New Worlds i 


yards. In one region of Europe, clusters of artists and scientists began 
collaborating in a variety of new ways, and illustrators lured naturalists out 
of libraries into the field. As early as 1485 Peter Schoffer, who began as 
assistant to Gutenberg’s associate and successor Johann Fust, had printed 
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an herbal in Mainz, and other popular variations on Dioscorides followed. 
The modern era in botany was opened by Living Portraits of Plants 
(Herbarum Vivae Eicones, 1530)—the joint product of a physician, Otto 
Brunfels (1489-1534), and an artist, Hans Weiditz—at long last an herbal 
with illustrations drawn from nature. Brunfels, in the familiar pattern, was 
destined for the priesthood but turned to medicine, prepared a scholarly 
medical bibliography, then a new edition of Dioscorides adapted to his own 
neighborhood. He could not resist including the beautiful pasqueflower, but 
since it had not been authenticated by Dioscorides and so had no Latin 
name, he condescendingly labeled it, and others not found in the sacred text, 
naked orphans (herbae nudae). The text was still substantially traditional. 
But the artist proved bolder than the scholar, and as the title of the book 
announced, oe pctctLZ had Sua pinata Hoenn nature. hee sentra 


Ae please. If it had withered leaves, broken stems, truncated roots, or 
had been eaten away by insects, just so he drew them. 

The courage to look and to draw what was really there was slow in 
coming. For in this last epoch of herbals the printing press still perpetuated 
the power of ancient texts. Just as Luther had attempted to reform Christi- 
anity by returning to the Bible, so Leonhart Fuchs (1501-1566) urged physi- 
cians to return from later commentaries to the original text of Galen, and 
he produced his own edition (Basel, 1538). Raised in the Swabian Alps, as 
a boy he would walk through the countryside with his grandfather, who told 
him the names of flowers. At the university he was taught by the humanist 
Johann Reuchlin (1455-1522), he read Luther, and became professor of 
medicine. Then in his herbal, De Historia Stirpium (1542; German transla- 
tion, 1543), he paid heavy tribute in its text to Dioscorides and other 
ancients. But he boldly departed from ancient visual models. To provide the 
brilliant illustrations, he had organized a team of artists—one who drew the 
plants from nature, another who copied the drawings onto the wood blocks, 
and a third who carved the blocks. The front of the book showed a portrait 
of each of these “mere” craftsmen. 


Far beyond the canon of Dioscorides, the illustrations included woodcuts 
of four hundred native German plants and one hundred foreign plants. 
“Each of which,” Fuchs’ Preface explained, “‘is positively delineated ac- 
cording to the features and likeness of the living plants . . . and, moreover, 
we have devoted the greatest diligence to secure that every plant should be 
depicted with its own roots, stalks, leaves, flowers, seeds and fruits. . . . we 
have purposely and deliberately avoided the obliteration of the natural form 
of the plants by shadows, and other less necessary things, by which the 
delineators sometimes try to win artistic glory.” Fuchs’ enthusiasm shone 


10 


Part I e« The Discoverers 


through, for “there is nothing in this life pleasanter and more delightful 
than to wander over woods, mountains, plains, garlanded and adorned with 
flowerlets and plants of various sorts, and most cepa to B08 and to Bare 
intently upon them.” He still arrange ns in alphabetical orde 

Fuchs’ herbal, which now Rcpuationd Besa to be Eeiled a hi of ee 
set the s 1 for modern times, later exciting the 
admiration of William Morris and John Ruskin. From the New World 
voyages Fuchs harvested some American plants, notably Indian corn, and 
posthumously he became the eponym of one of the most beautiful American 
tropical plants, the fuchsia. 

In some ways Hieronymus Bock (1498-1554), the third German father of 
botany, was even more remarkable. Having first tried to identify the Greek 
and Latin names with the plants in his part of Germany, he went on, and 
in his Neu Kreiitterbuch (1539) he freely described all the plants seen in his 
neighborhood, and set himself the still novel task of describing local plants 
in the local language. 

All these German fathers of botany were active Lutherans at a time when 
defying the Church of Rome certainly cost you your professorship, and 
possibly your life. Their botanical dogma, like the Lutheran dogma, was 
ambivalent. While they went back to a purified text of their sacred Diosco- 
rides, they also put botanical learning, as Lutherans had put the Bible, into 
the language of the marketplace. 


Reaching far beyond the familiar charms of the German countryside, six- 
teenth-century Europe was eports of exotic plants and animals 
from “the Indies,” East and West. New World “facts” did not automati- 
cally increase the stock of new knowledge. For sailors, as Shakespeare 
recounted, enjoyed sensationalizing their experiences—with tales of men 
whose heads grew beneath their shoulders, or who had no heads, or those 
like the Patagonians who had a single large foot, or the Labradoreans who 
bore tails. What followed, the historian Richard Lewinsohn reminds us, was 
a “Rebirth of Superstition.’ Out of the Americas, whole new orders of 
monstrous races and fantastic animals were created. Since it is almost as 
hard to think up a new animal as to discover one, flimsy facts were grafted 
onto the familiar creatures of myth and folklore. 

The Age of Discovery brought a renaissance of fable. Sea serpents five 
hundred feet long flourished as never before. Mermen and mermaids were 
now described in unprecedented detail—tall males with deep-set eyes and 
long-haired females—hungry for their meal of Negroes or Indians, but 
eating only the bodily protuberances, the eyes, noses, fingers, toes, and 
sexual organs. Columbus himself reported his encounter with three Sirens. 
And, of course, the unicorn’s horn was so magically therapeutic that, at the 
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marriage of Catherine de’ Medici to the French dauphin, Pope Clement VII 
himself made the princely gift of one to King Francis I. Doubtful legends 
were now authenticated by the testimony of Jesuit missionaries, substantial 
sugar-planters, and sober sea captains. To the figments of medieval fantasy 
were added the real creatures from every new voyage to the Americas. 
Those who could not read a Latin text could enjoy the copious printed 
illustrations. 

These opportunities inspired a new generation of encyclopedists of na- 
ture. The most remarkable of them, Konrad Gesner (1516-1565), had a 
genius for grafting the new onto the old. Prodigiously learned in several 
languages, Gesner was torn between what he had read and what he saw. 
He was born into a poor Zurich family in 1516, educated himself as a vagrant 
scholar, and, when he was only twenty, wrote a Greek-Latin dictionary. In 
the next thirty years he turned out seventy volumes on every conceivable 
subject. His monumental! Bibliotheca Universalis (4 vols., 1545-1555) aimed 
to provide a catalogue of ail writings that had ever existed in Latin, Greek, 
and Hebrew. Gesner listed eighteen hundred authors and titles of their 
works in manuscript and in print, with summaries of their content. Thus 
he earned his title as the Father of Bibliography. What cartography was to 
explorers on land and sea, bibliography would be to libraries. 

In the library of the Fuggers he came upon an encyclopedic Greek 
manuscript of the second century which inspired him to become a modern 
Pliny. Finally his Historia Animalium, following Aristotle’s arrangement, 
supplied everything known, speculated, imagined, or reported about all 
known animals. Like Pliny, he provided an omnium-gatherum, but now 
added the miscellany that had accumulated in the intervening millennium 
and a half. A shade more critical than Pliny, he still did not deflate tall tales, 
as when he showed a sea serpent three hundred feet long. But he circum- 
stantially described whale hunting and offered the first known picture of a 
whale being skinned for blubber. The enduring influence of Gesner’s work 
came from his feeling for folklore and his power to depict fact and fantasy 
with equally persuasive vividness. 

Within a century the English reader had ready access to Gesner’s popular 
encyclopedia in Edward Topsell’s translation, which he called the History 


of Four-Footed Beasts, Serpents, and Insects (1658). There we learn of the 
Gorgon: 


there ariseth a question, whether the poyson which he sendeth forth, proceed 
from his breath, or from his eyes. Whereupon it is more probable, that like the 
Cockatrice he killeth by seeing, then by the breath of his mouth, which is not 
competible to any other Beasts in the world. ... By the consideration of this Beast 
there appeareth one manifest argument of the Creators divine wisdom and Provi- 
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dence, who hath turned the eyes of this beast downward to the earth, as it were 
thereby burying his poyson from the hurt of man: and shadowing them with 
rough, long, and strong hair, that their poysoned beams should not reflect up- 
wards, untill the Beast were provoked by fear or danger. . 


After the unassailable testimony of the Ninety-second Psalm, he describes 
how unicorns are sacred because they “reverence Virgins and young Maids, 
and that many times at the sight of them they grow tame, and come and 
sleep beside them. . . . for which occasion the Indian and Aethiopian 
Hunters use this strategem to take the beast. They take a goodly strong and 
beautiful young man, whom they dress in the apparel of a woman, besetting 
him with divers odoriferous flowers and spices.” 

Despite the fantasies of his text, Gesner’s thousand woodcuts helped set 
a new direction in biology. Like the German botanic fathers, Gesner col- 
laborated with artists and provided the most accurate drawing yet of all 
sorts of creatures, from “the Vulgar Little Mouse,” to the Satyre, the 
Sphinx, the Cat, the Mole, and the Elephant. His illustration for the Rhi- 
noceros, “the second wonder in nature . . . as the Elephant was the first 
wonder,” was made by Diirer. These incunabula of biological illustration 
began to liberate readers from herbals and bestiaries. 


a Aa translated, and ails wi 


which were not illustrated! His Seapabisied notes pcan the =a in re 
next century of the first comprehensive treatise on insects. For his Opera 
Botanica he collected nearly a thousand drawings, many by himself, but his 
great work on plants, his first love, he never completed. 

He never quite freed himself of his philological obsession. His 158-page 
book, Mithridates, or observations on the differences of languages, which have 
been or are in use among various nations of the whole world (1555), tried to 
do for languages what he was already doing for animals and plants. “All” 
the world’s one hundred and thirty languages were described and compared 
in Gesner’s translations of the Lord’s Prayer. Incidentally, for the first time, 
he provided a vocabulary of the Gypsy language. 


-Gesner found a more characteristically Swiss way to discover nature when 
he advertised the adventure of exploring the high mountains, which, as we 
have seen, had so long been a scene of awe and terror. Renaissance Europe 
saw a brief, if premature, flash of the mountain-adventuring spirit. Petrarch 
(1304-1374) had led the way near Avignon in 1336 with his ascent of Mt. 
Ventoux. At the summit he read from the copy of Saint Augustine’s Confes- 
sions that he took from his pocket the caution that people may “go to 
admire the high mountains and the immensity of the ocean and the course 
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of the heaven . . . and neglect themselves.” Leonardo da Vinci, with the eyes 
of an artist-naturalist, explored Monte Bo in 1511. The Swiss Reformer and 
humanist Joachim Vadianus (1484-1551), friend of Luther and champion of 
Zwingli, reached the summit of the Gnepfstein near Lucerne in 1518. 

But Gesner was the first European to publish a paean to mountaingering. 


After his ascent of Mt. Pilatus near Lucerne in 1555, he produced his little 
classic. 


If you wish to extend your field of vision, cast your glance round about, and gaze 
off far and wide at everything. There is no lack of lookouts and crags on which 
you may seem to yourself to be already living with your head in the clouds. If 
on the other hand you should prefer to contract your vision, you will gaze on 
meadows and verdant forests, or even enter them; or to narrow it still more, you 
will examine dim valleys, shadowy rocks and darksome caverns. . . . In truth 
nowhere else is such great variety found within such small compass as in the 
mountains; in which . . . one may in a single day behold and enter upon the four 
seasons of the year, summer, autumn, spring and winter. In addition, from the 
highest ridges of mountains the whole dome of our sky will lie boldly open to your 
gaze, and the rising and setting of the constellations you will easily behold 
without any hindrance, while you will observe the sun setting far later and 
likewise rising earlier. 


Primitive fears were so hard to overcome that two centuries separated 
Gesner’s sallies from the true beginnings of modern mountaineering. Mont 
Blanc (15,771 ft.), the highest mountain in Europe outside the Caucasus, was 
not scaled until 1786—by someone who wanted to claim the money-reward 
offered by a patrician Swiss geologist, Horace-Bénédict de Saussure (1740- 
1799), twenty-five years before. 


SO 


The Invention of Species 


So long as naturalists arranged plants and animals in alphabetic order, the 
study of nature was doomed to remain bookish and provincial. That order 
of items would depend, of course, on the language you were reading. The 
Latin version of Gesner’s authoritative encyclopedia opened with Alces, the 
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moose, but when translated into German the book began with Affe, the ape, 


while in Topsell’s History of Four-Footed Beasts, Chapter One described 
“The Antalope.” 


ennai. Euan i that ea Hada to fee a common nantes 
standing of what they meant by a “‘kind” of plant or animal. What were 
nature’s units? When pioneer naturalists formulated the concept of ‘‘spe- 
cies” they would provide a useful vocabulary for cataloguing the whole © 
creation. In the long run, the new mode of description would open many 
unanswerable questions. Meanwhile it enlarged the vista of nature’s variety. 
And the quest for a “natural” way of classifying the creation would produce 
some of the great intellectual adventures of modern time: 

In the older popular encyclopedias, such as Topsell’s History of Four- 


Footed Beasts, an impenetrable fog swwsioped the boundaries between the 
kinds of animals. | 


A difficulty that we have feearen yal in 1 the fegnereer belief i in spon- 
taneous generation. Aristotle had written that flies, worms, and other small 
animals originated spontaneously from putrefying matter. In the seven- 
teenth century the eminent Flemish physician and physiologist Jan Baptista 
van Helmont (1577-1644?) said that he had seen rats originate in bran and 
old rags. If animals could arise spontaneously, then it was not feasible to 
define a species as a creature that reproduced or was reproduced by its own 
kind. 

Only gradually and reluctantly did European naturalists give up this idea. 
Aristotle’s contempt for “lowly” vermin and insects, as we have seen, had 
been based on his notion that they did not have the differentiated organs 
found in “higher” animals. Francesco Redi (1626-16977), a Florentine mem- 


ber of the Accademia del Cimento, who had discovered how snakes pro- 
duced their venom, was 


‘insects. After 
‘animals, it was easier for naturalists like his fellow Dutch biologist Swam- 
merdam to argue that these animalcules did not arise by spontaneous 
generation, but had reproductive organs. And Redi described the parts of 
insects that produced their eggs. ‘Flesh and plants and other things .. . 
putrefiable play no other part, nor have any other function in the generation 
of insects,” he suggested in 1688, “than to prepare a suitable place or nest 
into which, at the time of procreation, the worm or eggs or other seed of 
worms are brought and hatched by the animals; and in this nest the worms, 
as soon as they are born, find sufficient food on which to nourish themselves 
excellently.” Redi had covered putrefying meat with cloth or put it in closed 
flasks, and so demonstrated that if flies could not reach the meat to lay their 
eggs no maggots would appear. But he still found some other cases where 


including 
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he suspected spontaneous generation, and the question was to remain alive 
for two more centuries. 
ea of species would be usefully defined, developed, and applied by 
pisieeies eae watore the notion of spontaneous generation was laid to rest. 
And the issue was unresolved because it had theological overtones. Radical 
scientists found the idea of spontaneous generation useful for their natural- 
scientific explanation of the origin of life, which would have made God’s 
role in the Creation superfluous. Louis Pasteur (1822-1895), the ambitious 
and hardheaded son of a French tanner, a faithful conservative Catholic and 
a brilliant experimentalist, saw the matter differently. To him an orderly 
concept of species was necessary for God’s creative work in the Beginning. 
After acrimonious debate, his simple experiments with fermentation proved 
the prevalence of microorganisms in airborne dust, and showed that heating 
and the exclusion of airborne particles would prevent the appearance of 
vegetation. The successful application of his ideas to “pasteurizing” milk 
and improving production of beer and wine helped clinch the arguments 
against spontaneous generation. 
When we think of the ely of devising a comprehensive system for 
p the whole tion, we are not surprised that the writers of 
herbals and GeseATE meena items either alphabetically or according to 
their human uses. Since the differences between animals are usually more 
conspicuous than those between plants, the first efforts at general classifica- 
tion were made for animals. Medieval writers derived their first scheme 
from Aristotle, who had divided the animals with red blood from all others, 
which he called bloodless. The “blooded” animals were then subdivided 
according to modes of reproduction (live-bearing or egg-laying) and accord- 
ing to habitat, and the others were subdivided by general structure (weak- 
Sheed, sate Sucilea, ees: etc.). Aristotle himself actually used a concept 
nu eek genos, or family; and Queene rae 


ore es seems to here derived from Plato. But for him neither “genus” 
nor “species” had the sharp definition that they would acquire in modern 
times. His “genus,” or family, | 

species. Aristotle’s rough scheme served European naturalists tolerably well 
during the Middle Ages, when relatively few novel plants and animals were 
coming to their notice. They devoted themselves to matching the plants and 
animals of their region with those described in the ancient texts. 

Then in the ountless novelties poured into the Euro- 
pean consciousness. How should these be arranged? How could you know 
whether a particular plant or animal really was new? 

Specimens, books, travelers’ tales, and newly vivid drawings from nature 
appeared in profusion and confusion. Encyclopedias like Gesner’s piled 
fancy onto fact. Curiosities from everywhere were jumbled together. For 
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example, a handsomely illustrated volume on the plants and animals of 
Brazil by the pioneer German illustrator Georg Markgraf (1610-1644) was 
garbled with William Pies’ work on the natural history of the East Indies. 
Readers were delighted by such potpourris. The word “herbarium” came 
into use to describe the collection of neatly pressed dried plants ae up 
in the AS of SASS and Ueto 


To find a eee in nature, ith alist first Wide have to find or Hues 
units for their system. This purpose was served by the concept of “species.” 
In the hundred years between the mid-seventeenth century and mid-eight- 
eenth century, more progress was made in cataloguing the varieties of 
nature than had been acelp oa in Ws whole preceding millennium. ey 
Two ematizers—Ray an naeus}—would accomplish for all () On * 2°? 
eeayasrtee 
plants and animals sat Méreatar and his. fellows did for the planet’s whole <ye, je) co 
surface. Just as the map-makers of the @.th started from the self-evident =, 
boundaries of land and sea, mountains and deserts, the naturalists, too, Cbs? 
found self-evident units among plants and animals. Still, as we have seen, 
even for the earth’s surface it was necessary to invent the artificial bounda- 
ries of latitude and longitude so others could find their way and all could 
share the increasing ee Senta 


el ike the “atoms” of ike ngedeal ssi eases “species” 
would eventually be opened and dissolved, but meanwhile they provided an 
essential and convenient vocabulary. By the late twentieth century, “‘spe- 
om had become so familiar and so useful that it seemed essential to our 
thinking about plants and animals, somehow self-evident in the fabric of 
nature. 

In its very beginning the notion of “species” was a labored and controver- 
sial product. It was fortunate for the future of pa that ee? 
(1627?-1705) invente 5 ju 1e did. Unlike 
earlier schemes, his 
for his great successor to devise a system for 
At Trinity College, Cambridge, Ray studied classics, theology, and the 
natural sciences (B.A., 1648), then as a fellow of the college he lectured to 
undergraduates on Greek and mathematics. Had it not been for the Act of 
Uniformity, passed by Charles II's Parliament in 1662, he might have 
remained only another fellow on the college rolls. That Act required clergy, 
college fellows, and schoolmasters to take an oath accepting everything in 
the Book of Common Prayer, but Ray would have none of it. Rather than 
compromise his conscience, he gave up his fellowship. 

Another lucky coincidence was Ray’s meeting with a wealthy younger 
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member of his college, Francis Willughby (1635-1672), who would make it 
possible for Ray to spend his life as a private, independent scholar. After 
a boyhood illness, Ray had formed the habit of country walks, and Ray and 
Willughby became boon companions, wane the Cambritge connie 
together. Ray pursued his g all the ts he 
saw, and then went on to survey the plants slaeahere in Estar He 
produced a catalogue of English plants in 1670, incidentally noting varia- 
tions in proverbs and word usage in different parts of the country, combin- 
ing the taxonomy of words with that of all other living things. Ray and 
Willughby together toured the Low Countries, Germany, Italy, Sicily, 
Spain, and Switzerland, along the way noting the plants. En route they 
formed a grandiose plan, the sort of youthful pact often made and seldom 
fulfilled. They would collaborate on a comprehensive systema naturae—a 
cScnEuOD of the whole scheme of nature based on their own observations. 
d cove nts als. This ambitious project 
was well ane areas n Willughby d ied in eee at afte age of thirty-seven. 
Meanwhile Ray’s letters to Oldenburg had so impressed the Royal Soci- 
ety that not only did they elect him a Fellow but when Oldenburg died in 
1677 they offered him the powerful position of Secretary of the Society. But 
Ray refused, for in his will Willughby had left Ray an annual stipend, and 
instead of becoming a middleman for other scientists, he preferred to remain 
an independent naturalist. He moved into Willughby’s Middleton Manor, 
where he revised Willughby’s manuscripts and published two substantial 
treatises, one on birds, and another on fishes, both under Willughby’s name. 
Then under his own name Ray produced his epoch-making works on 
plants. His brief Methodus Plantarum (1682) offered the first feasible defini- 
tion of “species,” and his Historia Plantarum (3 vols., 1686-1704) provided 
a systematic description of all plants known to Europe at the time. Al- 
though Ray started from Aristotle, he went on to develop a more satisfac- 
tory arrangement, grouping plants not merely by some single feature like 
their seed, but according to their whole structure. Following the old axiom 
that “Nature does not proceed by leaps” (Natura non facit saltus), Ray 
sought out “‘middle terms,” forms that stood between others to fill out the 
spectrum of the creation. He alsoi 


Sane sr Paling again to affinities of forms. This arrangement has 
proved useful ever since. Ray went on to survey quadrupeds and serpents, 
and made the pioneer comprehensive description of insects. 


Before Ray’s death the grandiose youthful Ray-Willughby scheme for a 
survey of nature’s system based on firsthand observation was near comple- 
tion. Unlike the alphabetical compendia of Gesner and his predecessors, 
Ray’s work omitted the cherished mythical creatures. Having rid himself 
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of this baggage, and having denied spontaneous generation, he was in a 


position to define the units of natural life for succeeding generations of 
naturalists. 


lation or, more precisely, his 
eT ecies.” What Newton did for stu- 
dents of ees with his ave of gravitation and momentum, Ray did 
for students of nature. He gave them a handle on a system. Like many other 
world-shaping ideas, his notion was wonderfully simple. Precisely how he 
came upon it we do not know. But his bold insight and his emphasis must 
have been stirred by his wide-reaching personal observations in the field. 
For Ray, finally, the sight of so many different specimens suggested the 
convenience of a concept of species (which also derives from the Latin 
specere, “to look at” or “‘to see.”) Unlike his predecessors, he found a 
system of classification that would serve for both animals and plants. 
Others, including Aristotle, had approached the problem by first dividing 
organisms into large, presumably self-evident, groups, and then subdividing 
these into smaller and smaller groups. Ray, on the contrary, began with an 
awe for the uniqueness of individuals and the wonderful variety of “‘spe- 
cies.” As he explained in the Preface to his Methodus Plantarum: 


The number and variety of plants inevitably produce a sense of confusion in 
the mind of the student: but nothing is more helpfu r understanding, 
prompt recognition and sound memory than a eo cree: into 
classes, primary and subordinate. A Method seemed to me useful to botanists, 
especially beginners; I promised long ago to produce and publish one, and have 
now done so at the request of some friends. But I would not have my readers 
expect something perfect or complete; something which would divide all plants 
so exactly as to include every species without leaving any in positions anomalous 
or peculiar; something which would so define each genus by its own characteris- 
tics that no species be left, so to speak, homeless or be found common to many 
genera. Nature does not permit anything of the sort. Nature, as the saying goes, 
makes no jumps and passes from extreme to extreme only through a mean. She 
always produces species intermediate between higher and lower types, species of 
doubtful classification linking one type with another and having something in 
common with both—as for example the so-called zoophytes between plants and 
animals. 

In any case I dare not promise even so perfect a Method as nature permits— 
that is not the task of one man or of one age—but only such as I can accomplish 
in my present circumstances; and these are not too favourable. I have not myself 
seen or described all the species of plants now known. 


For Ray, a species of plants, for example, was a name for a Set of individuals 


who give rise through reproduction to new individuals similar to themselves. 
Among animals the same definition would apply. Bulls and cows were 
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members of the same species because when they mated they produced a 
creature like themselves. 


ane rea et specific n naturés, and one species does not grow from the 
seed of another species.” As time passed and he studied more and more 
specimens he saw that minor mutations might be possible. “Although this 


mark of unity of species is fairly constant,”’ he concluded, “yet it is not 
invariable and infallible.” 


Biologists after Darwin MS a criticized Se imae 
asm. But in This own i Ray’ Ss insistence on that fixity 
ang ennui of species was a giant step forward. It would make possible 
an internationally usable catalogue of the whole natural world. His insis- 
tence on the power of each species to continue to generate like organisms 
helped Ray dispose of much baggage that had burdened biologists from 
antiquity through the age of Gesner. He helped rid scientific literature of 
the mythical creatures attested in belles lettres and folklore who always 
propagated more mythical creatures. And he put an indelible question mark 
beside all “‘spontaneously generating” creatures. Just as the post-Newtonian 
world was governed by the laws of physical gravitation, at last biologists 
were est led into a world governed by the laws of biologi ? 
Qbear other pioneers of geology would introducéuni itariani 
into the erat of the earth. Ray brought uniformitarianism into the history 
of plants and animals. Neither Lyell nor Ray told the whole story, but they 
both helped open the vistas of time, a new world for evolution and its 
unsolved problems. Ray was among the first to suggest that the fossil shapes 
found in mountains and within the earth were not mere accidents but the 
remains of once living creatures. And he followed through with the possibil- 
ity that many prehistoric species might have become extinct. Which jus- 
tified his epitaph (translated by someone from the Latin): 


Nor did his artful labours only shew 

Those plants which on the earth’s wide surface grew, 
But piercing ev’n her darkest entrails through 

All that was wise, all that was great he knew 

And nature’s inmost gloom made clear to common view. 
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56 


Specimen Hunting 


LINNAEUS inherited Ray’s mission. His System of Nature, while more 
comprehensive and more influential than any before, would be built from 
elements bequeathed by Ray. Sharing a faith in the coherence of nature, 
Linnaeus would promote Natural Theology as much as Natural Science. He 
too made “species” his clues to the wisdom of the Creator. 

But in their personalities and ways of working Ray and Linnaeus had 
little in common. Ray, the lonely and humble acolyte of his boon compan-— 
ion and fellow scholar Willughby, wrote mainly from his own observation. 
Linnaeus, sociable and conceited, was a brilliant teacher, inspiring and 
organizing legions of specimen hunters to scan the world and send him their 
findings—for the greater glory of God and of Linnaeus. 

Like Ray, Carolus Linnaeus (1707-1778) was intended for the ministry. 
Born in southeastern Sweden to an impoverished pastor who awakened his 
love of plants in the parsonage garden, Linnaeus was raised in Stenbrohult, 
which he called “‘one of the most beautiful places in all Sweden, for it lies 
on the shores of the big lake of Mockeln. . . . The church . . . is lapped by 
the clear waters of the lake. Away to the south are lovely beech woods, to 
the north the high mountain ridge of Taxas. .. . To the northeast are pine 
woods, to the southeast charming meadows and leafy trees.” He never 
forgot these infectious charms. ‘When one sits there in the summer and 
listens to the cuckoo and the song of all the other birds, the chirping and 
humming of the insects; when one looks at the shining, gaily coloured 
flowers; one is completely stunned by the incredible resourcefulness of the 
Creator.” 

Yet at school Carolus showed so little interest in theology that his dis- 
gusted father was about to apprentice him to a shoemaker. A perceptive 
teacher persuaded the father to let Carolus try to make his way as a medical 
student. At Uppsala he substituted for the professor doing demonstrations 
in the university’s botanical gardens. Then in 1732 he was sent by the 
Uppsala Society of Science on an expedition to mysterious Lapland, to 
gather specimens and information on local customs. This first strenuous 
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encounter with strange flora and exotic institutions dazzled him with a 
delight he had never felt so poignantly in neat botanical gardens, nor even 
in the pages of herbals or bestiaries. 

On his return he went to the Netherlands, then a center of medical 
learning, to qualify himself to make a living as a doctor and also to pursue 
his botanical ambitions. Within the next three years, even before he was 
thirty, Linnaeus sketched his grand scheme. His succinct Systema Naturae 
(Leyden, 1735) of only seven folio pages, the first work he published in the 
Netherlands, was a prospectus for his lifework and for all modern system- 
atic biology. Even before, at Uppsala when he was only twenty-two, he had 
described the essence of his system to the professor with whom he was 
living. His New Year’s Day greetings then apologized for his inability to 
offer the customary verse. ‘“ ‘Poets are born, not made,’ I was not born a 
poet, but a botanist instead, so I offer the fruit of the little harvest which 
God has vouchsafed me. In these few pages is handled the great analogy 
which is found between plants and animals, in their increase in like measure 
according to their kind, and what I have here simply written, I pray may 


be vats received.” Hisitaanieslsysteri was possible because, like Ray, — 
ne. But going peices ee he ; Rakadiaa 


pateaees was the Fred of the botanical world. With our ere twentieth: 
century freedom to discuss sexuality, we forget the embarrassment in 
“mixed company” in the pre-Freudian age at public mention of any sexual 
organs, even though they were only those of plants. In Linnaeus’ ’ botany, 


as in Freud’s psychology, the primary fact val ee 

Ever since Ovid, poets had played with the metaphor of sexuality in 
plants. But most people still regarded such suggestions in prose to be 
perverse, if not obscene. A few naturalists had hinted at and some had dared 
to demonstrate the phenomenon. The French botanist Sebastien Vaillant 
{1669-1722), in charge of the Jardin du Roi (now called the Jardin des 
Plantes), using the peculiarities of the pistachio tree that still stands in its 
Alpine garden in Paris, had boldly opened his public lectures in 1717 with 
a demonstration of the sexuality of plants, which awakened the adolescent 
Linnaeus’ interest and set him scrutinizing every plant to count its genital 
organs. 

Some decades before, the essential fact had been revealed by a German 
botanist, Rudolph Jacob Camerarius (1665-1721), who showed that a seed 
would not germinate without the cooperation of pollen. But when Linnaeus 
was a student at Uppsala, the sexuality of plants was still an open and very 
sensitive question. In the title of his paper, Sponsalia Plantarum (1729), he 
used the discreet language of metaphor—‘“an Essay on the betrothal of 
plants, in which their physiology is explained . . . and the perfect analogy 
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with animals is concluded.” Just as in the spring the sun animates and 
enlivens the dormant bodies of animals, so plants, too, he said, wake up 
from a winter sleep. Plants, like animals, are barren when young, are most 
fertile in middle years, and waste away in old age. With the microscope, he 
noted, Malpighi and Nehemiah Grew (1641-1712) had recently shown that 
plants, like animals, really had differentiated parts. Was it not only logical 
that they, too, should have organs of generation? 
Vaillant had located Le SOLEANS in the flower, for he said that no fruit — 
produced t a flower. But, the young Linnaeus objected, the 
bofaniete ao had rape on the corolla or petals were not quite right, 
because some plants did bear fruit even though they had neither calyx nor 
petals. The generative organs, Linnaeus ventured, which ought to be the 
basis of classification were, rather, the stamens and the pistils, whether 
found on the same or on different plants of the same species. In a cloying 
passage designed to satisfy the most reverent or the most squeamish, he 
gives us a clue to the inhibitions of his age. The petals of a flower, he 
explained, did not directly aid the process of generation. But their attractive 
shapes and colors, perfumed with appealing odors, had been devised by an 
ingenious Creator so that the “‘bridegrooms” and the “brides” of the plant 
kingdom could celebrate nuptials in their own SSN gees) pees: 2 
When he arrived in the Netherlands, as ady e 


In ‘ee torte of anne Scania we conan to see both the boldness 
of his emphasis on sexuality and why some contemporaries called him 
salacious. The were distinguished 
on the basis of the “‘male”’ organs (i.e., the relative length and number of 


the stamens). His Cryptogamia), of the plants like 
mosses which appeared flowerless, were 


basis of their “female” organs (the styles or stigmas). He made up their 
names from Greek words with plain sexual and generative overtones, draw- 
ing on such Greek words as andros (male), gamos (marriage), gyne (fe- 
male). He described the class Monandria as like “One husband in a 
marriage,” the Diandria as “Two husbands in the same marriage.” The 
poppy (Papaver) and the linden (Tilia), being Polyandria, he observed, 
showed “Twenty males or more in the same bed with the female.” His 
Philosophia Botanica (1751) continued to insist on the calyx as a nuptial bed 


23 


Daniel Boorstein 


(thalamus) with the corolla acting as a decent curtain (aulaeum). “‘The 
calyx,” he said, “might be regarded as the /abia majora or the foreskin; one 
could regard the corolla as the /abia minora.” “‘The earth is the belly of the 
plants; the vasa chylifera are the roots, the bones the stem, the lungs the 
leaves, the heart the heat; this is why the ancients called the plant an 
inverted animal.” He advised “those who want to penetrate further into the 
mystery of the sex of plants” to consult his Sponsalia Plantarum. 

We cannot be surprised that proper professors were troubled by such 
explicitness. But not Erasmus Darwin (1731-1802), the grandfather of 
Charles, who soon cast the Linnaean system into a grand epic of heroic 
couplets, The Botanic Garden (1789, 1791). There he described “the Ovidian 
metamorphosis of the flowers, with their floral harems,” the impatient male 
stamens (belonging to floral beaux, lovers, swains, husbands, and knights) 
pursuing the recumbent pistils (belonging to virgins, wives, and nymphs). 
In the lily flower of the Colchicum genus: 


Three blushing maids [pistils] the intrepid nymph attend 
And six youths [stamens], enamour’d train! defend 


The flower of turmeric (Curcuma), a tropical plant of the ginger family, 
which Linnaeus had distinguished by its one fertile stamen and its four 
sterile stamens, was where, 


Woo'd with long care, Curcuma cold and shy 
Meets her fond husband with averted eye: 

Four beardless youths the obdurate beauty move 
With soft attentions of Platonic love. 


Other readers did not find it so easy to etherealize Linnaeus. Even an 
accomplished botanist like the Reverend Samuel Goodenough (1743-1827), 
a vice-president of the Royal Linnaean Societies who had a plant, good- 
winia, named after him, could not conceal his embarrassment at ‘the gross 
prurience of Linnaeus’ mind. . . . A literal translation of the first principles 
of Linnaean botany is enough to shock female modesty. It is possible that 
many virtuous students might not be able to make out the similitude of 
Clitoria.”” As late as 1820, even the iconoclastic Goethe was still hoping that 
young people and women could be shielded from Linnaeus’ gross ““dogma 
of sexuality.” 

The motives behind Linnaeus’ sexual system were not mere convenience 
or prurience. Self-generating species were essential to an all-wise Creator’s 
self-generating nature in which all the units would continue to fit together. 
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Linnaeus shared both Aristotle’s belief in some intelligible underlying order 
and Aristotle’s love of facts. The varied devices by which the Creator had 

provided for the perpetuation of the system were an awesome spectacle. 
Besides his debt to Camerarius, Linnaeus owed most to Andrea Cesal- 
pino, who had directed the botanical garden in Pisa before he became 
physician to Pope Clement VIII in 1592. A thorough Aristotelian, Cesalpino 
believed that plants were animated by a vegetable “‘soul”’ which both nour- 
ished and reproduced them. Their nutrition came entirely from roots in the 
soil, then up through the stem into the fruit. Cesalpino suggested a classifi- 
cation based on general outward structure—roots, stems, and fruit. He thus 
avoided altogether the problem of classifying the ‘‘lower”’ plants like lichens 
and mushrooms, which he believed to lack organs, including those for 
reproduction, found in higher plants, and which, he explained, sprang by 
spontaneous generation from putrefying matter. Still, Cesalpino’s focus on 
the general structure of individual plants was a long step forward. 
nant Aristoteliz a 1, as we have seen, had begun from 


modern incremental style, eus carrying on eet Pity, eae up his 
system from the individual species, which could be scrutinized in speci- 
mens. With ST nae used the number and 
order of stamens to group asses then according 
to the number of pistils he s 3S int Je 

plan was easy to use in the field, and even Stout a Cape anyone who 
could count could classify a plant. 


While the “‘sexual” system provided a simple classifying concept, the no- 
menclature of biology was still cumbersome, vague, and variant. A growing 
worldwide community of naturalists would need a common language to be 
sure they were talking about the same thing. Linnaeus would invent the 
syntax. Efforts to create other sorts of international language had never had 
such success. Bu anaged to create an 

a kind o! te . So he found a universal use for Latin long 
after it had ceased to be the European language of learning. His “botanical — 
Latin” was based not on classical Latin but on medieval and Renaissance 
Latin, which he reshaped for his Pu Pose: 

In retrospect the ture (e.g 
and species) “iy y neede 


names affixed Ey different ¥ writers Sained to s serve both as Paessiaht and 
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as description. When more species came to be known and more was known 
about each plant, names became longer and more confused. Take, for 
example, the plants of the genus Convolvulus, trailing plants of the morning- 
glory family with funnel-shaped flowers and triangular leaves. In 1576 the 
French botanist Charles de Lécluse (1526-1609) designated one species as 
Convolvulus folio Altheae. In 1623 the Swiss botanist Gaspard Bauhin (1560— 
1624) called this same species Convolvulus argenteus Altheae folio, which in 
1738 Linnaeus amplified to Convolvulus foliis ovatis divisis basi truncati: 
laciniis intermediis duplo longioribus, which by 1753 he had elaborated 
further into Convolvulus foliis palmatis cordatis sericeis: lobis repandis, 
Pegiesces ts Ue oNONE SO it went. 


CUS Cz ution only gradually, in a search for accurate 
Weathat moni “3 aay in fe field aa Fanids for the amateur. He did 


not expect his students on field trips to learn or remember the full Latin 
description. He did expect them to remember the name of the genus (in the 
above case, Convolvulus) and then in their notes record a number (e.g., 
“Convolvulus No. 3”) referring to the entry for that species in the full list 
of plants that Linnaeus had published. This gave a hint for a simple bino- 
mial system, which could be produced by substituting a word for the 
number. 

The obstacle again was Linnaeus’ temptation to make each plant’s spe- 
cific name serve both as a label and as a description. His great simplifying 
decision was to split these two functions. He would provide only a short, 
easy-to-remember label. This the student could use when he returned to his 
library, where it would lead him to a detailed account of the distinguishing 
features of that species. In the 1740’s he tried this for a few plants, but he 
still stigmatized these as “trivial names” (nomina trivialia). To use the 
species name along with the genus, Linnaeus said, was “like putting the 
clapper in the bell.” Then in his epochal Species Plantarum (1753), after 
twelve months of intensive labor, he supplied such binomial labels for all 
the fifty-nine hundred species on his list. 

Linnaeus wisely realized that it was better to have some handy distinctive 
name for each species at once than to wait until the perfect word or a 
thoroughly symmetrical vocabulary could be found. He had to move 
quickly if he was to accomplish his task at all. Unless he speedily gave some 
such binomial label to every known species, naturalists would be tempted 
to use the same name for more than one species, which of course would have 
defeated the whole scheme. His was a monumental task of hasty linguistic 
invention. He ransacked his Latin for enough terms to make up thousands 
of labels, sometimes using a single word describing a plant’s manner of 
growth (e.g., procumbens), other times using a word for the habitat or for 
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the first discoverer of the plant, or even a Latinized form of a vernacular 
word. Linnaeus was not too rigorous in the logic of his usage, provided the 
word was distinctive and rememberable. 

When, a few years later, in the definitive tenth edition of his Systema 
Naturae (1758-59) he extended his scheme to animals, Linnaeus showed a 
similar practical sense. For insects he used specific names designating color 
or the host plant. To distinguish species of butterflies, he drew on his 
copious classical learning, and added such epithets as Helena, Menelaus, 
Ulysses, Agamemnon, Patroclus, Ajax, or Nestor. Then again, in deference 
to vernacular usage he set up the genus Felis, included the lion, tiger, 
leopard, jaguar, ocelot, cat, and lynx, and designated them by their common 
Latin names, Leo, Tigris, Pardus, Onca, Pardalis, Catus, and Lynx. 

When was there another such colossal feat of name-giving since the 
Creation? Any parent who has had to name a child can imagine the enor- 
mous task of christening that Linnaeus completed in a single year. Within 
a few decades, even before his death in 1778, his names and his scheme of 
naming were adopted by his European colleagues. His choices proved them- 
selves over the centuries and would reach across the world. Linnaeus made 


nr had vastly widened the Europeans’ 


vision of nature. From Asia, Africa, Oceania, and the Americas came news 
of strange plants like the tomato, maize, the potato, cinchona, and tobacco, 
and new animals like the penguin or “magellanic goose,” the manatee, the 
dodo, the horseshoe crab, the raccoon, the opossum, and countless others. 


ee. an unprecedented worldwide program of specimen hunt- _ 
. His 


work gave generations of specimen hunters a new incentive to 
advance science, even at the risk of their lives. No longer would their 
hard-won finds be SoU to attics or buried in the HAUS jumble 
of “cabinets of curiosities.” ) 


Linnaeus himself commanded cohorts of his apostles—his cleverest 
pupils, “the true discoverers . . . as comets among the stars,” who covered 
the earth. In 1746 his ablest student, Christopher Tarnstrom, begged to be 
allowed to go (with free passage on a Swedish East India Company ship) 
as Linnaeus’ emissary to gather specimens in the East Indies. When Tarn- 
strém died of a tropical fever on arriving in the Sea of Siam, Linnaeus 
futilely tried to make amends to the distraught widow and children by 
naming a tropical genus Ternstroemia. 

Peter Kalm, another student, had better luck. Linnaeus secured financing 
for Kalm’s costly travels from a group of Swedish manufacturers and from 
the universities of Uppsala and Abo. An expedition to lands in the same 
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latitude as Sweden would find new plants to be grown in Sweden for 
medicine, food, or manufacture. The imported red mulberry, they hoped, 
would feed silkworms for a whole new industry. These hopes never materi- 
alized, but Kalm otherwise proved to be one of the most productive of the 
specimen hunters. In 1748 after a rough Atlantic crossing, the indefatigable 
Kalm arrived in Philadelphia, visited his fellow Swedes in Delaware, then 
with help from Benjamin Franklin and two of Linnaeus’ best correspond- 
ents, John Bartram and Cadwallader Colden, he explored Pennsylvania and 
went north to New York and Canada. Linnaeus eagerly awaited the botani- 
cal finds, and when Kalm arrived back in Stockholm in 1750, the gout- 
ridden Linnaeus leaped from bed to greet his adored pupil. Three years later 
Linnaeus’ Species Plantarum cited Kalm as his source for ninety species, 
sixty of them new, and he immortalized Kalm in a whole mountain-laurel 
genus, Kalmia. Kalm’s journal, which prophesied American independence, 
gave one of the most vivid descriptions of colonial life in the New World. 

Frederick Hasselquist (1722-1752) was sent with money raised by Lin- 
naeus to Egypt, Palestine, Syria, Cyprus, Rhodes, and Smyrna—all still 
unexplored by European naturalists. When his expenses exceeded his bud- 
get, Linnaeus persuaded the Swedish Senate to make private contributions. 
And when Hasselquist, still only thirty, died near Smyrna, his creditors 
refused to release his botanical notes until his debts were paid. Again 
Linnaeus came to the rescue by inducing the Queen of Sweden to pay off 
the debts. And when he finally read the journals of his deceased disciple, 
he was ecstatic. “They penetrate me as God’s word penetrates a deacon. 
... May God grant that Her Majesty has them published as soon as possible, 
so that all the world may taste the pleasure I had yesterday.” Linnaeus 
himself published the Iter Palaestinum in 1757, and the world could soon 
enjoy Hasselquist’s discoveries through translations in English, French, 
German, and Dutch. 

To China in 1750 he dispatched another pupil, Pehr Osbeck (1723-1805), 
as ship’s chaplain. “‘On your return,” he wrote, “‘we will make crowns with 
the flowers you bring back, to adorn the heads of the priests of the temple 
of Flora and the altars of the goddess. Your name shall be inscribed on 
substances as durable and indestructible as diamonds, and we will dedicate 
to you some very rare Osbeckia which will be enrolled in Flora’s army. So 
—hoist your sails and row with all your might; but take heed not to return 
without the choicest spoils, or we shall invoke Neptune to hurl you and all 
your company into the depths of the Taenarum.”’ Osbeck heeded the warn- 
ing, and on his return he delivered to his mentor a rich Chinese herbarium 
of six hundred specimens. 

Nearer home, when the King of Spain requested a Linnaean disciple for 
a botanical survey of his country, Linnaeus sent “his most beloved pupil,” 


28 


Part I e The Discoverers 


Petrus Lofling (1729-1756), who had been living with Linnaeus as compan- 
ion to his son. Lofling’s work in Spain stimulated an expedition to Spanish 
South America, with Léfling as chief botanist, aided by two surgeons and 
two artists, “to collect specimens for the Spanish Court, the King of France, 
the Queen of Sweden, and Linnaeus.” But, before Léfling could complete 
his mission, he died of a tropical fever in Guiana at the age of twenty-seven. 
“Lofling sacrificed himself for Flora and her lovers,” Linnaeus lamented, 
“they miss him!” 

The troubled Linnaeus asked, “The deaths of many whom I have induced 
to travel have made my hair grey, and what have I gained? A few dried 
plants, with great anxiety, unrest, and care.” Still, during the last thirty 
years of his life he continued to enlist, organize, and dispatch his apostles 
around the world. In 1771, he surveyed his messianic strategy: 


My pupil Sparrman has just sailed for the Cape of Good Hope, and another of 
my pupils, Thunberg, is to accompany a Dutch embassy to Japan; both of them 
are competent naturalists. The younger Gmelin is still in Persia, and my friend 
Falck is in Tartary. Mutis is making spiendid botanical discoveries in Mexico. 
Koenig has found a lot of new things in Tranquebar [in south India]. Professor 
Friis Rottboll of Copenhagen is publishing the plants found in Surinam by 


Rolander. The Arabian discoveries of Forssk4l will soon be sent to the press in 
Copenhagen. 


é yvernent gaine nentum the years. An- 
swering a request from England, he sent another favorite pupil, Daniel 
Solander (1736-1782), who became his link to the expeditions of the next 
centuries. Solander charmed his way up English society, then became librar- 
ian to Sir Joseph Banks (1743-1820), who was the European patron of 
natural history in the next generation. Banks promoted, organized, and 
personally financed natural-history expeditions, and, as we have seen, took 
Solander along on Captain Cook’s Endeavour voyage (1768-71) around the 
world. But Linnaeus was disappointed in Solander, who, despite Linnaeus’ 
schemes, never married his eldest daughter, and then from the round-the- 
world voyages “the ungrateful Solander” never sent Linnaeus a single plant 
or insect. Banks, who had covered Solander’s expenses and had bought 
costly equipment, was also disappointed. For he had hoped that Linnaeus 
would be willing to come to England to help give names to the finds of the 
voyage—twelve hundred new species and one hundred new genera of 
plants, with many more animals, fishes, insects, and mollusks. 
After Solander’s work with Banks it 


a botanist on his second voyage around the world, Captain Cook chose 
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another Linnaeus pupil, the young Anders Sparrman (1748-1820), who at 
the age of seventeen had already gone to China as surgeon on a Swedish 
East India ship and brought back a treasury of specimens. After returning 
from Cook’s voyage, Sparrman carried his botanical searches into Senegal 
and the west coast of Africa. 

One of the most enterprising apostles was Carl Peter Thunberg (1743- 
1828), the last of his disciples promoted by Linnaeus himself. At the time 
the Dutch, on their tiny trading post on the island of Deshima in Nagasaki 
Bay, were the only Europeans with a foothold in Japan. To catalogue the 
flora of Japan, Thunberg would have to secure the protective coloration of 
a Dutchman. Therefore he spent three years in Cape Colony learning 
Dutch. Incidentally, while he was there he voyaged into the interior, and 
described three thousand plants, of which about one thousand were new 
species. In 1775, when he arrived on a Dutch ship at Deshima, the only 
excursion he was permitted was to accompany the Dutch ambassador on 
his annual ceremonial visit to the Emperor in Tokyo. Luckily, the young 
Japanese interpreters on Deshima turned out to be physicians eager to learn 
European medicine, morsels of which Thunberg exchanged for specimens 
of Japanese plants. When Japanese servants brought fodder from the main- 
land for the cattle on Deshima, Thunberg would rummage through it to find 
specimens for his herbarium. After nine years’ absence, Thunberg finally 
returned to Sweden where he grieved to find that his mentor had died the 
year before. 

In the next generation the unauthorized apostles of Linnaeus were an 
energetic crew. Pursuant to the custom established by Solander, Sparrman, 
and Thunberg, the twenty-two-year-old Darwin was enlisted in 1831 as 
In 1846 the persuasive Thomas Henry Huxley, 
who had gathered specimens as assistant surgeon on H.M.S. Rattlesnake 
in the South Seas, set a precedent when he secured three years’ leave on 
Navy pay to analyze his finds. The brilliant young Joseph Dalton Hooker 
(1817-1911), who was carried as assistant surgeon and naturalist on Captain 
James Clark Ross’ expeditions to the Antarctic (1839-43) on H.M.S. Erebus 
(with H.M.S. Terror), produced six volumes on polar flora which secured 
him a Navy commission to study the flora of the Himalayas and Ceylon, 
and finally made Kew Gardens a world center for botanical research. 


The same faith that nourished Linnaeus’ quest for a “‘system” in nature also 
had convinced him that it was impossible for any man fully to grasp the plan 
of his Creator. He knew very well that his “‘sexual” scheme was artificial, 


only a handy way to file specimens. A strictly xitamealgpiiesien would 
have to group together plants that shared the largest number of attributes. 


Linnaeus showed common sense when he seized on Ray’s concept of 
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species” as a useful handle on the whole creation. But he was not above 
NSINe his soe to valisate his vocabulary of convenience. ““We can count 
S many species | ie ww,” was Linnaeus’ most quoted aphorism, “as were 
r nning.” The constancy and permanency of species was, 
SP course, Pesan to ey the trouble of classification. Why bother to file 
plants in different species if at any time they could slide into another species 
or disappear without warning? 
As Linnaeus’ disciples gathered more thousands of “species,” with more 
examples of Dabur he canon to venture the 


uite a/l species had bee eated. Perhaps new spe- 
cies ee arise ies ae, fe aati of the EME species of one 
genus with a species of another genus. This opened some chaotic possibilities, 
and when Linnaeus occasionally speculated on the origins of species, he went 
off the deep end. Luckily, a practical temperament kept 
him from plaguing himself with origins—probably knowable anyway only 
by the Creator. ‘Deus creavit, Linnaeus disposuit”—God created, Linnaeus 
classified—his admirers boasted, with only a hint of blasphemy. 


= 


Stretching the Past 


AMONG the learned in the Europe of their day, it would have been hard to 
find a sharper contrast to Linnaeus than his aristocratic contemporary 
Georges-Louis Leclerc, Comte de Buffon (1707-1788). In retrospect they 
seem allies in the discovery of nature, but in their own time they were 
notorious antagonists. Perhaps his youth in a poor rural parsonage had led 
Linnaeus to insist that nature must consist of changeless building blocks ‘‘as 
many as were created in the beginning.” Buffon spoke for an urbane world 
of change. Born into a monied family in Burgundy, where his father was 
an officer of the bureaucratic nobility, Buffon was educated at a good Jesuit 
college and the University of Dijon, where he pursued his father’s ambition 
that he become a lawyer. Then, at the University of Angers, he turned to 
medicine, botany, and mathematics. After a duel he had to leave the univer- 
sity, and he took off on a Grand Tour in the suitable company of the Duke 
of Kingston and the Duke's tutor, who happened to be a member of the 
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Royal Society. Returning home, Buffon found that his mother had diec 
that his father had remarried and had seized the rich estates ani should 
have come to him from his mother’s side. After a bitter quarrel with his 
father with whom he was never again on speaking terms, he managed to 
secure for pea the ample estates, including the village of Buffon, which 
gave him his noble name. The twenty-five-year-old SUNG promptly set 
himself up as a pve r 

Meanwhile he vigorously pursued his scientific interests. In Paris, Buffon 
first became known for his report to the Navy on the tensile strength of 
timbers used in ships of war. A paper on probability theory, which brought 
him adjoint-mécanicien membership in the French Academy, was followed 
by works on mathematics, botany and forestry, chemistry and biology. He 
used the microscope for his research on the organs of animal reproduction. 
He translated into French Stephen Hales’ Vegetable Staticks and Newton’s 
work on the calculus. At twenty-eight, for his impressive attainments he 


who named him superintendent of the royal 


For fifty years Buffon spent spring and summer on his estates in Bur- 
gundy, fall and winter in Paris. In the country, rising at dawn, he gave 
mormings to science, afternoons to business. In his evenings in Paris he 
charmed the wittiest hostesses in salons, where, as William Beckford acidly 
recorded, “‘Zoology, Geology, and Meteorology formed the chief topics 
discussed, but tautology prevailed over all.” After a half-century of this 
routine he not only was rich from his increased landholdings but had 
doubled the area and enlarged the buildings of the 
and had published thirty-six volumes of his Histoire Naturelle and scores 
of important articles on every branch of science. Louis XV made him the 
GOAGETRIE Catherine the Great honored him, and he was elected to 
scientific academies in London, Berlin, and St. Petersburg. 

Buffon’s fame reached America, which had joined the expanding Euro- 
pean community of science. Thomas Jefferson, stationed in Paris in 1785 as 
American minister to France, had the Marquis de Chastellux deliver to 
Buffon a copy of his Notes on Virginia, just off the press, along with a large 
American panther skin to contradict Buffon’s thesis of the degeneration of 
animals in the New World. This brought Jefferson an invitation to come 
discuss natural history and dine in Buffon’s gardens. As Jefferson recalled, 
“It was Buffon’s practice to remain in his study till dinner time, and receive 
no visitors under any pretense; but his house was open and his grounds, and 
a servant showed them very civilly, and invited all strangers and friends to 
remain to dine. We saw Buffon in the garden, but carefully avoided him; 
but we dined with him, and he proved himself then, as he always did, a man 
of extraordinary powers in conversation.” 
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At the age of forty-five Buffon married a beautiful girl twenty-five years 
his junior, who died young. Their daughter died in infancy, and their 
pampered only son (whom Catherine the Great used as an example of 
geniuses’ sons who are imbeciles) was guillotined by Buffon’s enemies dur- 
ing the Terror in 1794. After his wife’s death Buffon’s only liaison was a 
platonic affair with his “sublime friend” Madame Necker, wife of the 
French Minister of Finance. When he was bedridden in the last year of his 
life, she visited him daily. ‘‘M. de Buffon has never spoken to me of the 
marvels of the earth,” she wrote, ‘“‘without inspiring in me the thought that 
he himself was one of them.” 


read eS but fe wrote in Eek which for efi was an cep of faith—not 
glossing texts for a learned few but presenting facts to the nation. ‘Style is 
the man himself,” he declared in his classic Discours sur le Style (1753), 
delivered on his reception into the French Academy. He was suspicious of 
writers who refined their subtleties, whose thought was “like a leaf of 
hammered metal, acquiring luster at the expense of substance.”” Rousseau 
called him the most beautiful stylist, and his lyrical prose (he wrote no 


verse) led some to place him among the leading French “poets” of his 
century. 


The thirty-six volumes of Buffon’s Histoire Naturelle (1749-85), which 
appeared during his lifetime, supplemented by eight volumes published 
(1788-1804) after his death, covered every subject in nature from man and 
birds to cetaceans, fishes, ae minerals. For the first time in publishing 
history, bo ere best sellers. His work rivaled Dide- 
Ba ORT ER ay the most successful Euro- 


pean publishing venture of the century, which gave its name to the age. 
CETTE eect a aspicssousl yecollaborewTeeAaton's, despite some 


assistance, was unquestionably his own. 

Buffon took aim at the large audience of laymen. In his famous article on 
the camel a single Proustian paragraph-sentence recaptured the desert (as we 
can see in this translation by Otis E. Fellows and Stephen F. Milliken): 


Try to imagine a country without greenery and without water, a burning sun, a 
sky always dry, sandy plains, mountains more arid still, over which the eye 
sweeps in vain and sight is lost without once fixing upon a living object; a dead 
land, as though stripped bare by the hot wind, offering to the eye only the 
remnants of bones, scattered stones, outcroppings of rock, upright or fallen, a 
desert without secrets in which no traveler has ever drawn a breath in the shade, 
or found a companion, or anything to remind him of living nature: absolute 
solitude, a thousand times more terrifying than that of the dense forests, for trees 
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are other beings, other life, to the man who sees himself alone; more isolated, 
more naked, more lost, in these empty and limitless lands, he stares into space, 
on all sides, space that is like a tomb; the light of day, more melancholy than the 
shadows of night, is reborn only to shine upon his nakedness and impotence, to 
let him see more clearly the horror of his situation, driving back the boundaries 
of the void, extending around him the abyss of the immensity that separates him 
from the land of men, an immensity that he will attempt in vain to cross, for 


hunger, thirst, and the scorching heat press upon every moment that remains 
between despair and death. 


Yet his descriptions of some animals were so concise that they were col- 
lected to make books for children. 

While the stark sexual nomenclature of Linnaeus had simply shocked, 
Buffon found romance in the sexual activity of his animals. For example, 
he contrasted the mating of sparrows and of pigeons. 


There are few birds as ardent, as powerful in love as the sparrow; they have been 
seen to couple as many as twenty times in succession, always with the same 
eagerness, the same trepidation, the same expression of pleasure; and, strange to 
say, the female seems to grow impatient first with a game that ought to tire her 
less than the male, but it can please her also much less, for there are no prelimi- 
naries, no caresses, no variety to the thing; much petulance without tenderness, 
movements always hasty, indicative only of a need to be satisfied for its own sake. 
Compare the loves of the pigeon to those of the sparrow, and you shall see almost 
all the nuances that extend from the physical to the moral. 


Meanwhile, among the pigeons, 


tender caresses, soft movements, timid kisses, that become intimate and urgent 
only at the moment of enjoyment; this moment even, brought back within seconds 
by new desires, new approaches equally nuanced; an ardor ever durable, a taste 
ever constant, and a still greater benefit, the power to satisfy them repeatedly, 
without end; no bad temper, no disgust, no quarrel; an entire lifetime devoted to 
the service of love and to the care of its fruits. 


His work was emphatically not a “‘system” but a description, “ta natural 
history.” 

Since the unity that Buffon saw was in the processes of nature, he was 
wary of nomenclature, whether provided by God or by Linnaeus. It is not 
surprising that Linnaeus became his béte noire. Buffon believed that tax- 
onomy was just a learned technique for making the world seem simpler than 
it sould was. By Linnaeus had put the 

: fa word over wha | ellany. Surely, eyes were given 
man to Saissnguaah ait roi one ie dothier! yet Linnaeus’ artificial scheme 
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depended on features so minute they could be seen only with a microscope. 
Buffon concluded that Linnaeus’ “system” had actually “made the lan- 
guage of science more Sisioust pan science itself!” 
xonomy and nomencla uffi ed, were only games. His own 
“true method” was Banal “the connice description and exact history of 
each thing in particular.” “One must not forget that these families [confi- 
dently used by Linnaeus and others] are our creation, we have devised them 
only to comfort our own minds.” To grasp all distinctive features of a 
particular individual, it is not enough to describe only the individual in 
hand. We must try to envisage everything about that animal, which means 
compiling the history ‘‘of the entire species of that particular animal . . 
their procreation, gestation period, the time of birth, number of offspring, 
the care given by the mother and father, their education, their instincts, 
their habitats, their diet, the manner in which they procure food, their 
habits, their wiles, their hunting methods.” 
Without any pretense at knowing how many “‘species” God had created 
“in the Beginning,” Buffon, following Ray’s lead, satisfied himself with a 
purely empirical definition: 


We should regard two animals as belonging to the same species if, by means 
of copulation, they can perpetuate themselves and preserve the likeness of the 
species; and we should regard them as belonging to different species if they are 
incapable of producing progeny by the same means. Thus the fox will be known 
to be a different species from the dog, if it proves to be the fact that from the 
mating of a male and a female of these two kinds of animals no offspring is born; 
and even if there should result a hybrid offspring, a sort of mule, this would suffice 


to prove that fox and dog are not of the same species—inasmuch as this mule 
would be sterile. 


Mere external resemblance would not prove animals to be of the same 


species “‘because the mule resembles the horse more than the water spaniel 
resembles the greyhound.” 


Yet he was awed by the very concept of species, and wary of oversimplify- 
ing its nuances. His diffidence was much deeper than that of his predeces- 
sors. Buffon could not bring himself to believe that “species” provided a key 
to any divine scheme or a clue to theological truth. 


In general, the kinship of species is one of those profound mysteries of nature 
which man will be able to fathom only by means of Jong and repeated and difficult 
experiments. How, save by a thousand attempts at the cross-breeding of animals 
of different species, can we ever determine their degree of kinship? Is the ass 
nearer to the horse than to the zebra? Is the dog nearer to the wolf than to the 
fox or the jackal? At what distance from man shall we place the great apes, which 
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resemble him so perfectly in bodily conformation? Were all the species of animals 
formerly what they are today? Has their number not increased, or rather, dimin- 
ished? . .. How many more facts we shall need to know before we can pronounce 
—or even conjecture—upon these points! How many experiments must be under- 
taken in order to discover these facts, to spy them out, or even to anticipate them 
by well-grounded conjectures! 


The Bible had, of course, disposed of all such troublesome problems in 
the six days when God created heaven and earth “and every living creature 
which moveth.” Respectable biologists, including Ray and Linnaeus, had 
made this their point of departure. Since it was an axiom that species could 
not be either added or subtracted, the precise extent of time since the 
Creation held little significance for the biologist. Biblical scholarship in the 
seventeenth century kept biologists focused on those six days of Creation. 
It seemed both absurd and heretical to suggest that nature had a history. 
What interested Biblical scholars was the chronology of the Bible in relation 
to human events. 

The Irish prelate James Ussher (1581-1656), an expert in Semitic lan- 
guages, managed to provide for the first time a generally acceptable Biblical 
chronology, still found in many editions of the English Bible. A scholar of 
Trinity College, Dublin, he became a fellow, went to England to collect 
books for the college library, and then became professor of divinity and 
archbishop of Armagh. While strident in demanding autonomy for the 
Church of Ireland, he won the respect of fellow Protestants in England by 
his scholarly polemics against Rome. In his search for authentic Biblical 
texts he hired his own agent to gather manuscripts in the Middle East and 
collected a famous library, which included the Book of Kells. Some of his 
distinctions between spurious and authentic texts are still accepted by Bibli- 
cal scholars today. In 1654 he delivered the fruits of his lifetime of scholar- 
ship when he declared that the Creation had occurred on October 26, 4004 
B.C., at 9:00 A.M. 

The precision of this discovery and Archbishop Ussher’s prestigious 
documentation added weight to the widespread belief that the earth and all 
living creatures had been created within a single week only a few thousand 
years before the Christian era. This view of the Creation confined biological 
history to what, by modern geological standards, is a relatively brief time. 
This brevity itself seemed to confirm the dogma that no species could have 


been added, nor any have become extinct, and so was a congenial setting 
for the belief in the nenpEntis secTEE AHERN P POR I CL ious" SVarers. 


For geology the brevity of earthly time had an additional consequence, 
which was in every sense of the word catastrophic. It encouraged a belief 
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in sudden changes, a doctrine known as “‘catastrophism.” Of course every- 
body could see that weather and climate were still slowly changing the 
forms of the earth by deepening streams, flooding valleys, and eroding 
mountains. Herodotus, Strabo, and Leonardo da Vinci had described these 
processes. But it was generally agreed that in the mere six thousand years 
since the Creation the flow of water and the crumbling of rocks could not 
possibly have produced the drastic changes now visible in all the varied 
landforms. Orthodox naturalists were therefore driven to explain large 
changes in earth forms by sudden cataclysms, or “catastrophes.” 
ot satisfied either by Archbishop Ussher’s calculations or by the 
a Sabha of the cates rol: ee ee 
naive ntal enthu n. To understand the 


ete of plants a and d animals, 6 said, we must first grasps the ea of the 
earth. So 


his inspiration in . many other ways, erte 2 the — 
, revolving in the same plane in concentric Stic in the same direc- 


tion, 


. Buffon demanded natural 
causes, and he came up with his own explanation. “In order to judge what 
has happened, or even what will happen,” he observed, “one need only 
examine what is happening. .. . Events which occur every day, movements 
which succeed each other and repeat themselves without interruption, con- 
stant and constantly reiterated operations, those are our causes and our 
reasons.” 

Buffon’s clue for the origin of the earth was Newton’s observation that 
“comets occasionally fall upon the sun.” When one such comet collided 
with the sun, Buffon speculated, fragments of the sun must have been 
knocked off into space. These liquids and gases (1/650 of the sun’s mass) 
then came together to form spheres revolving in the same direction and in 
the same plane. Each of them became a planet turning on its own axis, 
flattened at the poles. And satellites were thrown out. oe 

How did Buffon’s new view of the making of the earth affect the extent 
of historical time? Newton, of course, would not tolerate such an un-Godly 
account of the Creation. But in the Principia Newton had offered some 
interesting speculations on the rate of cooling of comets. “A globe of red-hot 
iron equal to our earth, that is, about 4,000,000 feet in diameter,” he 
observed, “‘would scarcely cool in an equal number of days, or in above 
50,000 years.” Due to “‘some latent causes,” Newton had ventured, the rate 
of cooling might be even slower, less even than the ratio of the diameter, 
‘“‘and I should be glad that the true ratio was investigated by experiments.” 
For Buffon, this question held the secret of the age of the earth. If only he 
could find out precisely how long had been required for the planetary globes 
to cool down to a habitat suitable for life! He would try. 
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In his own foundry Buffon cast two dozen globes, one inch in diameter, 
to be removed white-hot from the furnace. He would then measure the time 
precisely to ‘the moment when one could touch them and hold them in 
one’s hand.” The answer to his question would come simply by extrapolat- 
ing that figure to a globe the size of the earth. Even so prosaic an experiment 
Po fire the salacious imagination of these French contemporaries of the 

Marquis de Sade. As one of Buffon’s secretaries recorded, “To determine 
the eee of | the formation of the planets and to calculate the cooling time 
of the terrestrial globe, he had resort to four or five pretty women, with very 
soft skins; he had several balls, of all sorts of matters and all sorts of 
densities, heated red hot, and they held these in turns in their delicate hands, 
while describing to him the degrees of heat and cooling.” A less sensational 
report portrayed Buffon himself with one hand holding a watch, the other 
in a glove cautiously testing the heat of each sphere until he could remove 
his sl and touch the agit without feeble vile 


with s some boli SALPSISEL Cal dangerous eonchisions: “Instead of the 50,000 

years which he [Newton] assigns for the time required to cool the earth to 
its present temperature, it would require 42,964 years and 221 days to cool 
it just to the point at which it ceased to burn.” By further calculations he 
added to this figure all the years since the earth had cooled to its present 


temperature, which brought the +dtalanniapfatbsncaniiutonta Sanaa 
To his mathematically minded age Buffon was thus able to offer an 


experimentally verified figure whose precision rivaled the pious calculations 
of Archbishop Ussher. ave, of course, extended this 
figure i . Buffon himself dared observe that “the more 
we extend time, the closer we shall be to the truth.” He had thought of three 
million years or more, even up to infinity. But he prudently scaled this 
down, he himself explained, because he did not want to shock readers so 
much that they might suspect him of pure fantasy. His figure needed to be 


only enough longer than Archbishop Ussher’s to make plausible his modern 
vista—a world of slow and constant change. — 


To Buffon the earth no longer seemed the product of one relatively recent 


Act of Creation. Linnaeus in the ancient taxonomic tradition ocused 
on the classifiable products of Creation. The 
earth would have its own history. Then why not also all of na including 


all the “creatures”? 

When Buffon went on from his Theory of the Earth in the very first 
volume of his Natural History (1749) to his Epochs of Nature (1779), the fruit 
of his thirty-year encyclopedic study, he found by a happy coincidence that 
his vastly extended calendar was divided into precisely Seven epochs. Which 
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aye a biter poh aoe oka Zatti meaning to the Book of Genesis. 


waters. Chemical processes pulverized the ‘primitive vitreous material” 
from the submerged mountains and made sedimentary deposits, which 
included organic debris like coal. As these waters rushed into the vast 
subterranean openings left when 


before the separation of the continents, 

epoch, when the continents separated, the 

! h, the present epoch, pocraceare——--gis tah 

a new stage “‘when the power of man has seconded that of Nature,” opening 
a future of incalculable possibilities. 

The residual heat in the globe, a legacy from the sun, explained many 
things not covered in the Biblical account. For a long period, while the 
whole earth remained at a tropical temperature, large elephantlike crea- 
tures were found in the northern climates of Europe and North America, 


which Bncidsnteny accounted for the ihe gece ersenneareialaitiih But as _ 

als n out yal uator. It was 
this internal heat of the Heth that had ereInally reeichelastae inorganic 
into organic molecules and so produced the first living creatures. Since 
these vital powers were proportionate to the heat, the warmer regions of 
the earth and the warmer periods of history had always produced larger 
animals. 

As animals migrated they adapted to their environments and so produced 
new varieties. Of the large animals, fewer varieties emerged because they 
reproduced slowly. But the prolific small mammals, such as rodents and 
birds, produced countless varieties. The migrations of animals before the 
separation of the continents explained their distribution across the earth 
and the fact that only South America has its own fauna. 


later to i morn asa quimemttiniap A>, crebstiline he 
opened the way to thoughts of Fens Buffon’s heresies, even 
more obviously than Galileo’s, struck at the Creation and the Creator. He 
If the shape of the earth was so 
changeful, if old species could become extinct, if new variations could 
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emerge, the world was precariously fluid. Did this not perhaps imply chang- 
ing ways to salvation, changing sacraments, and even a changing Church? 

In 1749, when the first volume of Buffon’s Natural History appeared, a 
committee of the theology faculty of the University of Paris demanded that, 
to avoid their censure, he clarify certain passages in writing. This he did. 
“I have extricated myself with great satisfaction,” Buffon boasted to a 
friend. They voted 115 to 5 not to censure his work. “I abandon whatever 
in my book concerns the formation of the earth, and in general all that 
might be contrary to the narration of Moses,” Buffon had written to the 
committee, “having presented my hypothesis on the formation of the plan- 
ets only as a pure philosophical speculation.” At the same time Montes- 
quieu’s Spirit of Laws was similarly investigated, but when Montesquieu 
tefused to reply, his work was condemned. Thirty years later, though 
Buffon included this pious disavowal in his Epochs of Nature, a committee 
of censorship was again appointed, but under pressure from the King they 
never produced a report. 

Whether from piety or from prudence, Buffon steadfastly refused to be 
embroiled in theological controversy. “I do not understand theology,” he 
explained in 1773, “and I have always abstained from discussing it.” Scrupu- 
lous in his observance of Catholic ritual, he set up a chapel at the very 
foundry where he cast the globes with which he revised the Biblical “‘days” 
of Creation. He regularly attended confession, and sought the last rites of 
the Church at his death. But, unlike the pious Newton, Buffon did not allow _ 

nd unlike his militant contem- 
porary Baron d’Holbach (1723-1789), he never declared himself the “‘per- 
sonal enemy” of God, nor did he believe that one had to be an atheist to 
“destroy the chimeras which afflict the human race.” If Buffon himself 
would not choose between his parallel faiths in God and in science, the 
historian today must not choose for him. 


By his bold extension of time, Buffon changed the vocabulary of nature 


0 tals. Nature, no ager the 
finished 5 of a beneficent Crete was now a name for myriad 


processes. Theology would be displaced by history. 

Without Buffon’s extension of time there was no room for a history of 
‘nature, as the career of Buffon’s brilliant, frustrated predecessor had re- 
vealed. Nicolaus Steno (1638-1686), like Leonardo da Vinci, was cursed by 
his own versatility. Born in Copenhagen, the son of a wealthy Protestant 
goldsmith, he studied medicine. Frustrated in his ambition for a post at the 
university, he went off to Paris, where he published a treatise on the anat- 
omy of the brain. In Florence the Duke of Tuscany became the patron of 
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his scientific work, ce pespurieal crisis on All Souls’ Day, 1667, led him to 


When the eae del Cimento assigned him to explore the grottoes 
at Lake Garda and Lake Como, Steno began his pioneer regional geology, 
the first of its kind in Europe. He had already explained that “figured 
stones,” which Tuscans called glossopetri, or stone tongues, really were not 
sports of nature but the teeth of sharks that had lived under water there in 
ancient times. Still only thirty, Steno published in 1669 a revolutionary little 
book, Prologue to a Dissertation on how a solid body is enclosed by the 
Processes of nature within another solid body, which came to be called from 
its Latin title the Prodromus. This book was destined to become a primer 
of modern geology. Generalizing from his geology of Tuscany, he explained 
why and how crystals, stones, and fossils were found in strata within the 
earth. 

Steno’s radical new insight was that the strata of the earth recorded the 
history of the earth. With a few simple principles, he transformed the earth’s 
surface jumble into a legible archive. His notion was that the strata found 
in the earth were originally formed of matter precipitated from water, which 
then fell to form a sediment at the bottom. In his clear diagram, the first 
known effort to show a ee section, he described six successive kinds 
of stratification. e Sal Ss al ome | v 

CMEEIESVE? Exceptions occur realy wien Dee er mg en dis- 
rupted and then filled in by layers from above. Layers formed by volcanic 
or chemical means were quite different from those formed by mechanical 
means. So Steno provided rudimentary definitions of sedimentary, igneous, 
and metamorphic rocks. 

But when he touched the history of the earth, Steno was on dangerous 
ground. The Bible seemed to say that mountains either had been created 
in the Beginning by God or had simply grown. Steno began by blandly 
describing fossils as a class of “solids naturally contained within solids,” 
which included all stony substances of organic origin. Fossilization oc- 
curred “where the substances of the shel] being wasted, a stony substance 
is come into the place thereof,” which meant that there could be fossils not 
only of bones and shells but even of plants and soft-bodied organisms. To 
compress all these processes within six thousand years since the Creation, 
Steno had to make the six days of the Book of Genesis and Noah’s Flood 
account for more than they could bear. Since there was no history of nature, 
there could be no prehistory. Therefore the large fossil bones found in the 
Aretine fields outside Florence could not possibly belong to prehistoric 
animals, but must be the remains of Hannibal’s war elephants. 

Steno’s Prodromus was merely the introduction to a larger work that 
never came, a foundation on which others could build. In London, Henry 
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Oldenburg, with his sharp eye for seminal works, promptly translated Steno 
into English in 1671. Meanwhile the versatile Steno’s pioneer work in anat- 
omy had brought him fame. The King of Denmark recalled him to be royal 
physician and professor of anatomy in Copenhagen. When his Catholic 
faith made trouble for him, he returned to Florence, and with all the 
enthusiasm of a convert, he abandoned science. Consecrated a priest in 1675, 
he diverted his energies to a frenetic ecclesiastical career. Within a year 
Pope Innocent XI made him a bishop, the vicar apostolic and organizer of 
Catholic propaganda for all northern Europe. A fanatical propagandist, he 
even wrote to Spinoza hoping to convert him, but Spinoza never answered. 
Steno’s rabid asceticism hastened his death at forty-eight. He was buried 
with great ceremony in the Basilica of San Lorenzo in Florence, where we 
can still see his impressive monument. 


had einartietel te “mystery” Sha species. Now there was time aed time to 
spare for varieties of animals to emerge or become extinct, making the 


whole world a museum of Sprising fossils. By atusiching the calendar, 
ned the stag ;’ imag The creation 
could be peered not areca asa igamaean panorama in space, but as a 
continuous drama in time. “Nature’s great workman is Time. He marches 
ever with an even pace, and does nothing by leaps and bounds, but by 
degrees, gradations and successions he does all things; and the changes 
which he works—at first imperceptible—become little by little perceptible, 


and show themselves eventually in results about which there can be no 
mistake.”’ 


D8 


In Search of the Missing Link 


ONE grand master metaphor dominated, perverted, and obstructed Euro- 


pean efforts to discover man’s place in nature. This was the simple notion 
of a Great Chain of Being. The whole universe, F European pee and 


philosophers explained, consists of an ordered series of bein he 
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lowest, simplest, and tiniest at the bottom to the highest and most complex 
at the top. To the question, “What is man, that thou art mindful of him?” 
the Psalmist answered (and natural philosophers agreed), “thou hast made 
him a little lower than the angels, and hast crowned him with glory and 
pe x 
ain-of-Being metaphor was pregnant with ambiguities and contra- 

sete ow many links were there in the chain? How different was one 
link from its neighbor up or down the scale? Answers to such questions 

supposed a total knowledge of nature, which was, of course, the exclu- 
sive prerrentive of the Creator. A figure of speech seemed to tell Alexander 
Pope in 1734 all that man needed to know of his place in nature. 


Vast chain of being! which from God began, 
Natures aethereal, human, angel, man, 

Beast, bird, fish, insect, what no eye can see, 

No glass can reach; from Infinite to thee, 

From thee to nothing.—On superior pow’rs 

Were we to press, inferior might on ours; 

Or in the full creation leave a void, 

Where, one step broken, the great scale’s destroy’d; 
From Nature’s chain whatever link you strike, 
Tenth, or ten thousandth, breaks the chain alike. 


Since man was infinitely distant from the perfection of his Creator, was 
there not room above man too for an infinite number of superior beings? 
Was man only a “middle link” between the lowliest and the highest? If there 
was indeed a continuous chain, might not man himself differ only infinitesi- 
mally from the nearest nonhuman link? And if man partook equally of the 
material qualities of the beings below him and of the ethereal qualities of 
those above, was not man condemned to perpetual inner discord? In his 
unforgettable couplets, Pope observed: 


Plac’d on this isthmus of a middle state, 

A being darkly wise and rudely great, 

With too much knowledge for the sceptic side, 
With too much weakness for the stoic’s pride, 
He hangs between; in doubt to act or rest; 

In doubt to deem himself a god or beast; 

In doubt his Mind or Body to prefer; 

Born but to die, and reas’ning but to err; . . 
Chaos of Thought and Passion all confus’d, 
Still by himself abus'd, or disabus’d; 

Created half to rise, and half to fall, 
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Great lord of all things, yet a prey to all; 
Sole judge of Truth, in endless error hurl’d; 
The glory, jest and riddle of the world. 


However appealing to poet and metaphysician, the of Being was — 


not much help to the scientist. Though naturalists ol andre of the 
“missing " links,” they were discouraged from efforts to learn about man 
from his similarities to the other animals. While the Chain of Beit ng placed 
man in a continuous chain, it also made him somehow a link uniquely 
insulated from the forces of nature. 
The Chain of Being proved wonderfully flexible and eventually would 
accommodate an idea of evolution. But at least until the eighteenth century, 
it described the product and not the process of creation, and was only 


another way of praising the wisdom and plenitude of the Creator. It de- j 


scribed nature in space, and not in time. To discover his place in nature, 
man would need a sense of history, of how and when all the different species 


had appeared, and he would need to see how his body was similar to the 
bodies of the other animals. 


‘Edward Tyson (1651-1708), a prosperous English physician, \ 

ated and well qualified to open the paths of discovery from natural history 
to comparative anatomy. He never secured a place alongside Vesalius, 
Galileo, Newton, or Darwin in the popular pantheon, he shunned contro- 
versy and never sought power in the new parliament of science. But what 
Sir William Harvey was to ech Tyson would be to comparative 
anatomy. Born in Bristol to a \ y fami ee a ees Fecord of ls 
service, see vention: elor of : 
fang reagan ord in 167 


As Curator, he was charged mitt a ae Bemoneciions for the soci- 
ety’s ran meetings. He preached the society’s modern gospel of incre- 
mental science. And he rejoiced at the wealth of facts flooding in from the 
New World. ‘‘New Tracts, new Lands, new Seas are daily found out, and 
fresh descriptions of unknown Countreys still from both brought in; so that 
we are forced to alter our Maps, and make anew the Geography of both 
again. Nor have the discoveries of the Indies more enriched the world of 
old, than those of epaleny now nays pero au tne Natural and 
Medical Science.” But naturalists must not be tempted | ly ge oa 


zations—“‘far better a little with accuirdtencent ar a ee of rubbish care- 
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lessly thrown together. Malpighi in his Silk-worm hath done more, than 
Jonston in his whole book of Insects.” The patient progress of knowledge 
of the “lesser” world within must equal that of the “greater” world without, 
by “taking to pieces this Automaton, and viewing asunder the several Parts, 
MfsiaaS and Springs that give it life and motion.” 

Anatomy of one Animal,” Tyson urged, “will be a Key to open 
several others and until such time as we can have the whole completed, tis. 
very denentle to have as many as we can of the most different and anoma- 
lous.” He delighted in Swammerdam’s ample account of the Ephemeron or 
May fly, for life could be understood only by “ta comparative survey.” 


Nature when more shy in one, hath more freely confest and shewn herself in 
another; and a Fly sometimes hath given greater light towards the true knowledge 
of the structure and the uses of the Parts in Humane Bodies, than an often 
repeated dissection of the same might have done. . .. We must not therefore think 
the meanest of the Creation vile or useless, since that in them in lively Characters 
(if we can but read) we my find ihe knowledge of a Deity and our selves. 
eve ima is a world of wonders: each is a] icrocosme or a world 


One day when Tyson visited the Tower docks and the Lord Mayor’s kitch- 
ens in his regular search for unusual fish to dissect, a fishmonger offered him 
a porpoise. This was the only one of the cetaceans (fishlike mammals lacking 
hind limbs, including whales and dolphins) found in British waters. It was 
happy for the future of science that this specimen had lost its way up the 
Thames. 

The paseo eb ihaes a special interest in the anatomy of all 
rarities, and the porpoise ha ver been anatomized. Tyson’s friend Robert 
Hooke laid out the society s seven shillings sixpence for the 95-pound 
“fish,” which they took to Gresham College for dissection. There Tyson 


went speedily about his work, ius Sense to help him make drawings 
as he went along. 


of classifying animals by their exteriors. John Ray had stil classified the 
porpoise as a fish. “If we view a Porpess on the outside,” Tyson observed, 
“there is Mle SS more eos a Fish.” But “‘if we coe within, there! is nothing 


“i reine to land Dearteds “but that it lives tie Sea, and hath 
Sit two > forefins.” 


The structure of the viscera and inward parts have so great an Analogy and 
resemblance to those of Quadrupeds, that we find them here almost the same. 
The greatest difference from them seems to be in the external shape, and want- 
ing feet. But here too we observed that when the skin and flesh was taken off, 
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the fore-fins did very well represent an Arm, there being the Scapula, an os 
Humeri, the Ulna, and Radius, and bone of the Carpus, the Metacarp, and 5 
digiti curiously joynted. . . 


Tyson’s eye for exotic specimens awakened the interest of his colleagues in 

.oyal Society. They bought an « for him to dissect. He finally 
Pere the society his illustrated dissections (among others) of an American 
rattlesnake, a Mexican musk-hog, and an opossum, which had been pre- 
sented to the society Puss William Byrd of Virginia. 


loaded on his ship i in ernet in southwest Africa had suffered en route an 
injury that became infected, and it died soon after its arrival in London. 
inima Ue it was still alive, secured the body, 


section. Lacking refrigeration for his speci- 
men, Tyson had to perform his d ip Hare nts iSite Nees peck 


Cowper, who helped him make aaa eir odie published i in 1699, 
was Orang-Outang, sive Homo Sylvestris: or, the Anatomy of a Pygmie 
compared with that of a Monkey, an Ape, and a Man. Just as Vesalius’ book 
had opened human anatomy, this copiously illustrated volume of some 165 
pages opened a new era in physical anthropology. 

The term “‘orang-outang,” in the Malay language, meant “‘man of the 
woods” and in Europe was then being used loosely for all the larger nonhu- 
man primates. The animal that Tyson dissected was not what the modern 
zoologist would call an orang-outang but an African chimpanzee. This 
animal, the first anthropoid to appear in European scientific literature, had 
been noted in 1641 by Dr. Nicolaes Tulp (whom Rembrandt depicted as the 
teacher in his famous Anatomy Lesson). Tyson chose to call his specimen 


ch-makine SEER the OHNE outanen pl: aced awed ina whole 
new constellation. Jus opernicus penne Wi Saree the center 


of the universe, so Tyson removed man fro ole ab ove and 


ecient a were peated’ and for whose service Tee was a world of 
animals. Never before had there been so circumstantial or so public a 
demonstration of man’s physical kinship with the animals. Just as MES 
had detailed and graye Ene structure e. of the Auman body, SO 
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d phy ‘ities and differences between 

y n. Without references to God or speculations about 
an pein enti he listed his conclusions in two columns. One itemized 
how “The Orang-Outang or Pygmie more resembled a Man, than Apes and 
Monkeys do,”’ another how it ‘‘differ’d from a Man, and resembled more 
the Ape and Monkey-kind.” The forty-eight items of resemblance to man 
began with “1. In having the Hair of the Shoulder tending downwards; and 
that of the Arm, upwards,” and went through the structural similarities of 
intestines, colon, liver, spleen, pancreas, and ees “25. The ray was 
abundantly larger than in Ralisad andy all 1 actly 


Pi an eth the same . Muscles i in Go: and  Monkers vere the he mp 
Humane, could not be determined, for want of a Subject to compare them : 
with, or Observations made by others.” The thirty-four anatomical differ- Cys Wis 

e nd the super ent s Fesemblances “to the Ape and AY PACH on 


Monkey-kind” were also liste g found that fe rg 

the organs of speech a he brain of his ctly resemble _. 

Fi he left his readers to rie “that ‘heres is NO reason to eannk that Of ae es 

Agents do perform such and such Actions, because they are found with y ; 

opens Bl Breech thereunto: for then our aS might be really a Man. ” Why : — 
gmies could not? Tyson put this question in 2 Ina 

new matrix, in the world of physic A ature. Just as the heliocentric vista 


once seen could not be forgotten, so, after reading Tyson, who could believe 
that man was an isolate from EG rest of nature? 


avin 


ecame nib matters of n nuance to be set down on a list. Tyson’s expert 
dissection gave to the theologians’ talk of man’s “animal” nature a newly 
precise—and theologically dangerous—meaning. Tyson was on the thresh- 
old of physical anthropology. 

In the appendix to his Orang-Outang he marshaled his copious classical 
learning to explain how this creature had stimulated reports of satyrs, of 
men with dog's heads, and of sphinxes—but “they were only a Creature of 
the Brain, produced by a warm and wanton Imagination, and . . . they never 
had any Bxisience or Habitation elsewhere.” So he etahsataystoo. to 

tural anthropol BY; showing how different peoples gave wild and varied 
meanings to the same physical phenomenon, to a mere chimpanzee. 

_Most SUPRISE in ncthes career oid sO sland physical an anthropolo- 


On his way to ome th e leading ¢ English nese of the age, he was 
elected a Fellow of the Royal College of Physicians, and in 1684 he was 
named Physician and then Governor to the Bethlehem Hospital. There he 


47 


i\ vey 


Onwoss 


Daniel Boorstein 


earned a place in the pantheon of humanitarians. Bethlehem Hospital, 
founded in the thirteenth century as a priory for the Order of the Star of 
Bethlehem, became an asylum for the insane, the first such institution in 
England. Except for one in Granada, Spain, it was also the first in Europe. 
When Tyson took charge, “Bedlam” (a common pronunciation of Bethle- 
hem) had long since entered common parlance to mean any place of noise 
and confusion. There the mentally ill were beaten, shackled, and confined 
in cells. Bedlam had become so public a spectacle that a staple scene in 
Restoration comedies showed fashionable people “‘going to see the Luna- 
tics,” as if they were a circus or a zoo. And incidentally, Bedlam was a place 
of assignation for “lewd or disorderly” persons and for lazy apprentices. 

Governors of Bedlam had been reluctant to exclude sightseers, since 
wealthy “‘idlers” sometimes took an interest in the institution and made 
contributions. “ ‘Tis by the help of such Benefactors,” Tyson himself 
conceded, “‘that this Hospital is enabled to bear their great Charges.” He 
tried at least to restrict spectators to ate more respectable and prohibited 
all tourists on Sundays. 

In a callous age, ‘T' 'yson was remarkably successful in humanizing treat- 
ment of the mentally ill. To change the atmosphere of a jail into that of a 
hospital, he SORIA. in women nurses, a set ee a WU Se fund to Babs 
poor patients. “Bed pega ne 2 , 


for therapy. is great ovation was the eon trea atment of 


Weems 54 discharged patients, with periodic visits to them at home. During the twenty 
A ¥ A & A 


years that he was the Physician, of 1,294 patients admitted, 890, or some 
70 percent, were discharged with their madness cured or relieved. Tyson’ s 

ae ae survived the centuries and left a permanent mark at Bethlehem and 
elsewhere. In 1708 the threnodist wrote on his death: 


Great Tyson’s Power new Organs cou’d dispense. . . . 
Here ev’n the mental Deprivation cur’d, 

The Man refounded, Light to Souls restor’d, 

The Tyson Art in this Great Cause bestow’d 
Rebuilds ev’n the faln Image of the God. 


he did not avoid the i issue by calli ng a a af _ange 
confessed that he “could not discover the difference between | nd t 

orangutan,” and he never ue find a single * ieeceas character” to dist n- 
guish man from the ape. > Linnaeus concluded in his 
twelfth otto with an saa rare for him, 


) little fi ey irveyor of nature has yet to be found 
T ae them m.” “Homo,” Shakespeare had said in 


it ae 
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Henry IV, Part I, “isa common name to ail men.” pemee man 
into his binomial system y apiens. He gave homo v ee 
taking his boldest step when he classified man as a “species,” simply ‘another — 
kind of animal. Under Mammalia in his Order of Primates (‘“‘Fore-teeth 
cutting; upper 4, parallel; teats 2 pectoral”) Linnaeus placed the human 
species (“Diurnal; varying by education and situation”), and distinguished 
these varieties: 


Four-footed, mute, hairy. Wild Man. 
Copper-coloured, Choleric, erect. American. 

Hair black, straight, thick; nostrils wide, face harsh; beard scanty; 
obstinate, content free. Paints himself with fine red lines. Regulated by 
customs. 

Fair, sanguine, brawny. Europeans. 
Hair yellow, brown, flowing; eyes blue; gentle, acute, inventive. 
Covered with close vestments. Governed by laws. 

Sooty, melancholy, rigid. Asiatic. 

Hair black; eyes dark; severe, haughty, covetous. Covered with loose 
garments. Governed by opinions. 

Black, phlegmatic, relaxed. African. 
Hair black, frizzled; skin silky; nose flat; lips tumid; crafty, indolent, 
negligent. Anoints himself with grease. Governed by caprice. 


ie (Ve ho Ny, Er) 
trem Se pf Nae 


BS V\Oyn aa \o \n \) WC In alae 


49 


7 4 att - od he” 
enins i, ee ee ee 


(ny ~ a *| F tava; 86 aR Aas pista Ps) oe ——s 
. ties ; <a lead pring Kt ey | | 
a. a %i8 it* analy ay ye 
-—: wer pica 3 WOH Mh ej Sitiahach 

- ’ Pee Pr 
i ln eh int. lepotey & Hae , tt tien 
._ eewbguie me : fn I ss nt yao etl “ae byt ae geavaay ’ | [ cata 

=" 


ee poms 
mae , 
ee Phare the ncaa abe ie: aie, cheats wee “age 3p 


me a Sector to! rant ¥ ~~ | mf oes fa 
1. ain Sue Gt F ie wn Lae “¥ a an ay £3 
; courts aie ators fe nig a 
ea.” ar. ae | 7 “4 ® 7 
‘be bat ‘devel, at se a isteod: ee oa ne nad Li 
‘ : mv aga he 2 sail i). ene adi, th es =i inte, stent 


— catia, “ur (  yowdlze « <i on tA ae ene oa 


eee eS ie 
: er nes. pays PS ae <zialhs, 
SAW we dene. spetrD  SATE iy SE Mat nia = 


| | Se dain oR ayn Nodvealem .cQ0e 

Mani 2 Su sami. + Yt Die oT 

eee » pert 
8 SBS. 34 


« me 
stint pe pass, povinte «le movhoes 9: heen. 7 tag the Semety, | 
PR ety wre ee rwcet, « >i below elinitics tye. ce eae 7 


pen re ac Ans q@abpens Gurncl of clicweti. Tynlan'e 


omelet ‘Penance hem ie 
tase: sae ee re 7 


Paes 7 rene, Ae es, - mi 


Pe 


Nene ol 


DARWINIAN EVOLUTION 


Introduction 

Boorstein, Daniel J.: The Discoverers, Chapter 59 

Darwin, Charles: On the Origin of Species by means of Natural 
Selection or the Preservation of Favored Races in the Struggle for Life, 


edited from the First Edition (Nov. 1859) 


Wallace, Alfred.: On the Tendency of Varieties to Depart 
Indefinitely from the Original Type (Feb.1858) 
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Part IT. Darwinian Evolution: Introduction 


The Heliocentric theory first put forth by Sigh and eae) Bs 
Galileo and Kepler forced pace view Besulantes as vart of the 


by m atur n requires Stitimans | to 
view themselves as part a the natural world, not apart fom 1 it. Evolution is truly a 
revolution in scientific thinking. It forces humans to alter their worldview and ask in 
new ways and with new meaning, ne it means to be human. 

No other modern scientific theory has created or continues to create such 
controversy. While quantum physics and special relativity force humans to rethink 
ideas of determinism in the physical world, they barely cause a ripple in how most 
humans view themselves or the world. Evolution on the other hand continues to 
influence many, if not all aspects of human existence. Evolutionary theory has been 
used and misused by social theorists, and has influenced many forms of art and 
literature. 

In the following three readings the original ideas of Darwin and Wallace are 
explored. These readings are far more than just a history of how the theory came 
about, but include the orginal wnitings of the authors of the theory. The first reading 
is a chapter from Daniel Boorstein’s book The Discoverers, and summarizes how 
Darwin and Wallace independently arrived at the idea of natural selection. This 
reading provides insight into both the scientific world of Darwin and the social setting 
into which evolutionary theory emerged. The second reading consists of edited 
chapters from the first edition of Darwin’s The Origin of Species. The third reading is 
the paper by A. R. Wallace that stimulated the reluctant Darwin to go public with his 
views on evolution, speciation and natural selection It is critical to read closely the 
words of Darwin and Wallace to gain a real understanding of what they proposed. 


Boorstein, Daniel J., The Discovers, Chapter 59 


Paths to Evolution 


“The year which has passed,” Thomas Bell, eminent president of the Linnean Society 
of London reported at the end of(1858, “has not, indeed, been marked by any of those 
striking discoveries which at once revolutionize . . . the department of science on 
which they bear; it is only at remote intervals that we can reasonably expect any 
sudden and brilliant innovation.” The select Linnean Society (of which Joseph Banks 
was a founder) had been created in 1788 to preserve the and 

hich Linnaeus had left to his son, and which on his son’s death had 
been bought for them by an English botanist. Despite Bell’s observation, the three 
papers read to the society on July 1 of that year bore more revolutionary implications 
than any other offerings to the forum of scientists since Sir Isaac Newton’s day. 
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Those papers (which came to only seventeen pages in the society’s Jour- 
nal), “On the Tendency of Species to form Varieties; and on the Perpetua- 
tion of Varieties and Species by Natural Means of Selection,” had been 
communicated to the society by two of its most accomplished fellows, Sir 
the geologist, and J. D. Hooker, the botanist. The sponsors 
offered “the results of the CM of two indefatigable naturalists, 

narles N allace ese See ue ae 


j our planet, may Seer Suet apt the merit Dag ante 
oneal neers in this important line of inquiry.” The three items were: 
extracts from a manuscript sketched by Darwin in 1839 and revised in 1844; 
the abstract of a letter from Darwin to Professor Asa Gray of Boston, 
Massachusetts, in October 1857, repeating his views on species stated in the 
earlier manuscript; and an essay by Wallace written at Ternate in the East 
Indies in February 1858, which he had sent to Darwin with instructions to 
forward it to Lyell if he found it sufficiently novel and interesting. 

In later years historians would note July 1, 1858, as the date of the first 
public statement of the modern theory of evolution. But at the time the 
Darwin-Wallace papers made hardly a npple. Neither Darwin nor Wallace 
was present, and there was no discussion by the thirty fellows who were 
there. A scheduled paper with a contradictory thesis was not even given. 
The reading of these articles was a rite of priority, required by the new 
etiquette of science. f 

In the progress of the idea of evolution we witness a distinctly modern 
phenomenon in the progress of science. Modern times brought new instru- 
ments of publicity, the printing press with its new powers of diffusion, 
scientific societies with their wider and more public forums. All this meant 
a new mobility for scientific ideas and for scientists themselves. Of course, 
the new incrementalism of science did not spell an end to revolutions in 
thought, but it did change the pace and the character of these revolutions. 
Now novel! ideas could be introduced piecemeal, unobtrusively, even per- 
functorily. And who could tell when one of these ideas might signal a 
revolution in thought? On that July day in London the Linnean Society 
prepared to publish observations made by Darwin twenty years earlier on 
his round-the-world voyage on the Beagle alongside complementary obser- 
vations made by Wallace a few months before in Ternate in the distant 
Moluccas. 


When Darwin, a young man of twenty-two, had sailed out on December 
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27, 1831, on the five-year voyage of the Beas he took with him the just 
harles Lyell’s P les of Geology, a going-away 


gift from his So profesor of Se, Lyel 797-1879) hl BU 


and so make it possible fi for modern Baitiaatts though to Gee the name He an ae Her ah 
of Darwinism. Lyell’s crucial insight rest : sapien 
his book, was that the Ce 
k: on running wate 
earthquakes, and iE. Since such forces deer millennia had made 
the earth what it was in his day, there was no need to imagine catastrophes. 
This doctrine, christened by the English philosopher William Whewell, 
came to be known as Uniformitarianism. 
Lyell had tried to avoid the shoals of theology and cosmology simply by 
: SS igi e earth. Speculative theories of a Crea- 
ersieeaidacesin unnecessary mand iinscientifit The implications for plants 
and animals were obvious. If the present activity of Vesuvius or Etna 
explained changes in the surface of the earth, could not other forces equally 
visible today show us how species and varieties of plants and animals had 
come into being? The Cambridge professor of botany who gave Darwin the 
copy of Lyell which he read and cherished on the Beagle warned him not 
to believe everything in it. The few other books he took along included the 


Bible, Milton, and Alexander von Humboldt’s travels in Venezuela and the 
Orinoco basin. 


In the mystery story of how-Darwin came to his notions of evolution, the 
voyage of the Beagle was, of course, a crucial episode. An essential link in 
the chain of people and ideas was John Stevens Prrnmeteene eS 
teacher who first inspired the young Darwin with enthusiasm y 
From the chair of botany the handsome magnetic Henslow 
single-handedly stirred a botanical renaissance in the university. He initi- 
ated field trips to observe plants in their natural habitat and required his 
students to make independent observations, training a new generation of ie 
botanists interested less in Linnaean taxonomy than in plant distribution, Mw v 


ecology, and geography. The Cambridge Botanical Garden became a teach- %; ow. vor ®n'w' 
ing laboratory. fox ae of ol 
Henslow’s historic accomplishment was to transform the Cambridge 43 thee on) 


playboy Darwin from a listless student of theology into a passionate natu- 
ralist. At the age of sixty-seven, Darwin still recalled “‘a circumstance which 
influenced my career more than any other”: 


This was my friendship with Prof. Henslow. Before coming up to Cambridge, I 
had heard of him from my brother as a man who knew every branch of science, 
and I was accordingly prepared to reverence him. He kept open house once every 
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week, where all undergraduates and several older members of the University, who 
were attached to science, used to meet in the evening. I soon got through Fox 
an invitation and went there regularly. Before long I became well acquainted with 
Henslow, and during the latter half of my time at Cambridge took long walks 
with him on most days; so that I was called by some of the dons “the man who 
waiks with Henslow”; and in the evening I was very often asked to join his family 
dinner. His knowledge was great in botany, entomology, chemistry, mineralogy 


and geology. His strongest taste was to draw conclusions from long-continued 
minute observations. 


In 1835, when the Admiralty asked Henslow to recommend a naturalist to 
serve on the Beagle’s voyage to map the coasts of Patagonia, Tierra del 


Fuego, Chile, and Peru and to set up chronometric stations, he recom- 
mended his favorite ee 


; Wa accept. But his father, already irritated by Charles’ 
fuses Start at Pe Enntren in the study of medicine, was déad set against any 
more such casual adventures. ‘“You care for nothing but shooting, dogs, and 
rat-catching,” the elder Darwin had complained, “and you will be a dis- 
grace to yourself and all your family.” Now he was determined to keep the 
vagrant Charles on the path to the clergy, and the dutiful son would not 
join the Beagle without his father’s permission. Luckily, Professor Hensiow 
and Charlies’ uncle, Josiah Wedgwood II, succeeded in persuading Charles’ 
father to let Charles go. “The pursuit of Natural History,” Wedgwood 
argued, “though certainly not professional, is very suitable to a clergyman.” 

Henslow kept in close touch with his pupil during the five-year voyage 
of the Beagle. They corresponded regularly, and Henslow looked after the 
specimens that Darwin sent back to London. When the Beagle arrived at 
Montevideo a copy of Lyell’s second volume was awaiting, and at Val- 
paraiso on the other side of the South American continent Darwin received 
the third volume, just off the press. 
And at the coral-encrusted rims of submerged vol- 
canic craters in the Indian Ocean, he concluded that the Kelling Atoll had 
been built BUP over at least a million vents 


- Throughout geoloical time, 


competition with other species in the same habitat might extinguish a 

species. The success of one prosperous species might crowd out others to 
extinction. Lyell’s survey of the geographic distribution of plants and ani- 
mals suggested that each species had come into being in one center. Similar 
habitats on separate continents seemed to produce quite different species 
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equally adapted to their habitats. Environment, species—everything was in 
flux. 


Speers in these problems had been piqued by the French natural- 


_a species was Sas a name for one feet of penern ions whi if th 

Crees its environment. And if every species was infinitely plastic, then 
no species would ever have to become extinct. While Lyell had kept species 
as the essential units in his processes of nature, he could not explain how 
a new species would originate. 

The impressionable D as tantalized by Lyell’s suggestions 
where in South Ree dor heenenuniered: yaaa and animals. he had never 
seen before. In the Galapagos he was enticed by the variations of bird 
species on widely separated islands in the same latitude. Meanwhile, Hens- 
low had been so much impressed by Darwin’s letters that he had read some 
of them to the Philosophical Society of Cambridge, and even printed some 
of them for private distribution. When the Beagle returned in 1836, Henslow 
joined with Lyell in securing for Darwin a grant of £1,000 to help him 
compile his five-volume report, and then managed his election as Secretary 
of the Geological Society of London. 

a During the next few years Darwin, by his own account, saw more of Lyell _ 
than of any ¢ other man. “His ; delight in science was ardent,” Darwin re- 
called, “‘and he felt the keenest interest in the future progress of mankind. 
He was very kind-hearted, and Cuiaat ete in his gts or las 
disbeliefs.” Still Lyell wo ‘ ning n rwin’s own — 

theories. ““What a good fae it anid be,” the young Denn ie com- 
plained to Lyell when older geologists refused to follow Lyell, “if every 
scientific man was to die when 60 years old, as afterwards he would be sure 


to oppose all new doctrines.” But in his late sixties the courageous Lyell'’s — 


and begin to embrace Darwin’s views of the origin of species. “Considering 
his age, his former views, and position in society,” observed Darwin, “I 
think his action has been heroic.” 

twelve years Darwin's senior, and at the height of his fame, re- 
mained Darwin's mentor. After the Darwins moved to Down in Kent, the 
Lyells would come visit for days at a time. As Darwin recalled: 


... It appeared to me that by following the example of Lyell in Geology, and by 


collecting all facts which bore in any way on the variation of animals and plants 
under domestication and nature, some light might perhaps be thrown on the 
whole subject. My first note-book was opened in July 1837. | worked on true 
Baconian principles, and without any theory collected facts on a whole-sale 
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scale, more especially with respect to domesticated productions, by printed en- 
quiries, by conversation with skilful breeders and gardeners, and by extensive 
__. reading. When I see the list of books of all kinds which I read and abstracted, 
including whole series of Journals and Transactions, I am surprised at my in- 
dustry. I soon perceived that Selection was the key-stone of man’s success in 
making useful races of animals and plants. But how selection could be applied 
to organisms living in a state of nature remained for some time a mystery to 
me. In October 1838, that is fifteen months after I-had begun my systematic 
enquiry, I happened to read for amusement “Malthus on Population,” and 
being well prepared to appreciate the struggle for existence which everywhere 
goes on from long-continued observation of the habits of animals and plants, it 
at once struck me that under these circumstances favourable variations would 
tend to be preserved and unfavourable ones to be destroyed. The result of this 
would be the formation of new species. 


<< a baw Rie bee 
Here in a nutshell was what Darwin had to add to the thinking about 
species. 

Still, Darwin was “‘so anxious to avoid prejudice” from the premature 
exposure of his ideas, that he held back. In June 1842, for his own satisfac- 
tion, he penciled a brief abstract of his theory in 35 pages, which he then 
enlarged in 1844 to another “‘abstract” of 230 pages. In 1856, when Lyell 
advised Darwin to expand his treatment, he began at once “to do so on a 
scale three or four times as extensive as that which was afterwards followed 
in my Origin of Species.” 


Then, early in the summer of 1858, as Darwin recorded, all his “plans were 
overthrown.” He received from the Moluccas Wallace’s essay ‘“‘on the 
tendency of varieties to depart indefinitely from the original type.”” Wallace 
asked him, if he thought well of the essay, to send it on to Lyell, and, as 
we have seen, the scrupulous Darwin did just that. If Wallace’s paper was 
to be published, what would Darwin do with his own labored product of 
‘twenty years? Darwin was torn. 

Again Lyell, the statesman in the new parliament of science, played a 
crucial! role. Determined to preserve Darwin’s claim to priority and at the 
same time to give Wallace his due, Lyell urged that the three items be 
promptly offered to the Linnean Society. “I was at first very unwilling to 
consent,” Darwin confessed, “as I thought Mr. Wallace might consider my 
doing so unjustifiable, for I did not then know how generous and noble was 
his disposition. The extract from my M.S and the letter to Asa Gray had 
neither been intended for publication and were badly written. Mr. Wailace’s 
essay, on the other hand was admirably expressed and quite clear. Never- 
theless our joint productions excited very little attention, and the only 
published notice of them which I can remember was by Prof. Haughton of 
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Dublin, whose verdict was that all that was new in them was false, and what 
was true was old.” 

Alfred Russel Wallace (1823-1913), whom history would recognize as 
co-author of the idea of natural selection, offered a vivid contrast to Darwin. 
Born into an impoverished family of nine children in Monmouthshire in 
South Wales, he attended a grammar school for a few years, dropped out 
at fourteen, and educated himself by reading. As a boy visiting London he 
frequented the “Hall of Science” in Tottenham Court Road, a workmen’s 
club for advanced teachers where he was converted to Robert Owen’s 
socialism and “secularism,” a skepticism of all religions. He supported 
himself as an apprentice-surveyor with his brother, then read up enough on 
his own to qualify as a schoolmaster in Leicester. There he had the good 
luck to meet Henry Walter Bates (1825-1892), who had been working thir- 
teen hours a day drearily apprenticed to a local hosiery manufacturer, but 
was finding his refuge in Homer, Gibbon, and amateur entomology. Bates 
and Wallace became fast friends, and joined in beetle-collecting expeditions 
into the countryside. 

A voracious reader, the young/ Wallace discovered an inspiring assort- 
ment of books on science, natural history, and travel, including Malthus’ 
On Population, Darwin's journal of the Beagle, and Lyell’s Geology. One 
of the books that impressed him most was a stimulating book on evolution 
by another amateur naturalist, Robert Chambers (1802-1871). Vestiges of the 
Natural History of Creation (1844) was so controversial that Chambers had 
to publish it anonymously to avoid damage to his publishing business, but 
it went through four editions in seven months and soon sold twenty-four 
thousand copies. Though condemned as godless by respectable scientists, it 
irrevocably popularized the ideas of organic and cosmic evolution, and the 
evolution of species. 

Alexander von Humboldt’s dramatic personal account of his travels in 
Mexico and South America emboldened Wallace to enlist Bates on an 
expedition to gather specimens along the Amazon. Four years (1848-52) of 
collecting there earned young Wallace a reputation as a field naturalist. On 
his return voyage to England his ship caught fire and sank, along with his 
specimens, but he was not discouraged from collecting. He set out promptly 
for the Malay Archipelago. There and in the Moluccas he spent eight years 
exploring and gathering specimens, and formulated the theory of natural 
selection in the paper that Darwin received early in 1858. 

If a Greek dramatist had contrived two characters to show how fate could 
bring men by opposite paths to the same destination, he could hardly have 
done better than invent Darwin and Wallace. Darwin, the elder by a dozen 
years, had been dedicated by his wealthy family to a career in the Church. 
All his life Darwin did his best to follow Lyell’s advice “never to get 
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entangled in a controversy, as it rarely did any good and caused a miserable 
loss of time and temper.” Ue HRSUE ieeciasien and evidence over 
two decades, seemed le his theory lect 
a SI VY allace 
of ree and all meaty iaetieutione) asty to embrac cor! 
nge controversy. When he was pat Somer tao) Chambers’ 
lee Vesiceaa fad converted Wallace to an unshakable conviction that 
species arose through a process of evolution, and his trip to the Amazon 
was for facts to convince others. By his later trip through the Malay 
Archipelago covering fifteen thousand miles and gathering some 127,000 
specimens, he aimed to gather conclusive evidence. From his arrival there 


\N rn \\o ce he kept a notebook on evolution, which he called his ‘ 
Wallace’s essay “On the Law which Has Regulated the Introduction of 
a: x? = New Species” (1855) was published three years before the paper he sent to 
ha Ky ae Darwin. 


During the 1860's, the very years when the elementary notions of evolu- 
i spread himself over the most 
. He became a passionate convert to Spiritualism, pur- 
suing his interest in socialism he was elected the first president of the Land 
Nationalization Society (1881), and he was an outspoken advocate of 
women’s rights. Curiously, his passion for controversy drew him into the 
movement against vaccination for smallpox. His pamphlet Forty-five Years 
of Registration Statistics, Proving Vaccination to Be Both Useless and Dan- 
gerous (1885) was followed by three days of testimony before the Royal 
Commission where he argued that more patients died from vaccination than 
from the disease. 

Seeking a wider arena for controversy, Wallace reached into outer space. 
The eminent astronomer Percival Lowell (1855-1916) argued in Mars and 
Its Canals (1906) that there must have been intelligent inhabitants on Mars, 
who had made the channels now visible by building a system of irrigation 
—using water from the annually melting polar ice caps—which created 
bands of cultivated vegetation. Wallace, though no astronomer, at the age 
of eighty-four entered the lists. In Js Mars Habitable? (1907) he insisted that 
life could not exist elsewhere in the universe. And twentieth-century evi- 
dence has proved that the expert Lowell was probably farther from the truth 
than the amateur Wallace. Science and reform had produced what Wallace 
enthusiastically christened The Wonderful Century (1898). 

The facts of geographical distribution that provided the cautious Darwin 
with questions supplied the brash Wallace with answers. Seeing natural — 
selection led Darwin away from religious faith. Late in life he recalled that 
the grandeur of the Brazilian forest had once reinforced his “firm conviction 
of the existence of God and of the immortality of the soul. . . 


. But now the 
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grandest scenes would not cause any such convictions and feelings to rise 
in my mind. It may be truly said that I am like a man ee has psa 
colour-blind.” “‘There seems to be no mo 5 


organic beings and in the action o natural Sieee ee in ihe course 4 }2 yn) 
which the wind blows.” 


-volu ed hi Na NV ATOVY 
velief in a ‘Higher Intel e. aiachens als he needed a 0 explain , le Dry 
what he saw in nature. “] hope,” Darwin told Wallace nae Wallack’s ‘ ie. 
review of Lyell’s books in 1869 laid bare his resurgent faith ina God, “you “! “DY OV 

wanaees f 2 WT ea 
have not murdered too completely your own and my child.’ 


Just as the voyages of Gama and Magellan had been preceded by uncele- 
brated pioneers on trading voyages across the Mediterranean and by those 
who inched down around the coast of Africa, so too there were countless 
pioneers in the voyages toward evolution. But while Columbus knew there 
was a Japan to be reached, Gama that India was there, the pioneers of 
evolution were en route to an unknown destination. 


— amply . ad) ta Darwin's mature theory of 
ev would require volumes on men rise of modern Fae, cenlon 
and geography. We would have to recount ancient Greek foreshadowings, 
Saint Augustine's suggestion that while all species had been created by God 
in the Beginning, some were mere seeds that would appear at a later time, 
medieval notions of an organic world, Montesquieu’s hints of the multi- 
plication of species from the discovery in Java of flying lemurs, the French 
mathematician Maupertuis’s speculations on the chance combinations of 
elementary particles, Diderot’s suggestions that higher animals may all 
AC 3 a 5 a ee oa (O f OW 
have descended from “one primeval animal,” Buffon on the development © - 
and “degeneration” of species, Linnaeus’ gnawing doubts that species might Du VY? 
not be immutable, the metaphoric fancies of Charles’ grandfather Erasmus | 
Darwin on the urges of plants and animals sparked by “lust, hunger, and =| | 


\ 


danger” to develop into new forms—and countless others. 
Among earlier (PamrenipanarieseetDarein we would have to include | , , Wd 


Lamarck’ s bold exploration of the hazy borderland between species and ee eee aes 
ear veeemneesmenieitndiiobl Nor could we omit La areal ie ee 


aves bodies may be isokad upon as a kind of A perhinnea by | 


nature,” Cuvier ventured in 1817, “which adds or subtracts from each of} . ss 


these different parts (just as we try to do the same in our laboratories) and us Ins < = : OA 
itself shows the results of these additions and subtractions.” Many others | \ ’ 44 Fe 

who, like Cuvier, denied the evolution of species, still detected progress in |, ly ANY ” Wy ie 
the sorts of creatures found in the more recent levels of the earth. Ob castay Oe 


Cuvier’s béte noire, the indomitable Etienne Geoffroy Saint-Hilaire 
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(1772-1844), took up Napoleon’s invitation to join the scientific expedition 
to Egypt and at the risk of his life collected specimens from the tombs. He 
translated “evolution” from a word for the embryonic development of the 
individual into a word for the emergence of species. For Geoffroy, the 
structural similarity of all vertebrates suggested the evolution of mammals 
from fishes, and he declared the evolution of the whole animal kingdom. 
But he said that the innovator, like Christ, must be willing to wear a crown 
of thorns. 

The data for evolution were an unanticipated by-product of a seafaring 


expedition which had a ey defined Ge —— as we have 
seen, had been ser 


America and i longtde moe seh deately by a ronan alii chain 
of chronologica t the modern parliaments of science—the 


d their counterparts across Europe 


and the Americas—hz 


The triumph of evolution was a victory not merely of ideas but of printed 


matter, which in its European typographic form was a revolutionary new 
device for spreading grand ideas to the most unlikely places. An Essay on 
the Principle of Population (1798), by Thomas Robert Malthus (1766-1834), 
which Darwin had read in October 1838, would also catalyze Wallace. In 
his Autobiography, Wallace recalled that when he was a schoolteacher in 
Leicester in 1844-45 passing many hours in the town library, “perhaps the 
most important book | read was Malthus’s ‘Principles of Population,’ which 
I greatly admired for its masterly summary of facts and logical induction 
to conclusions. It was the first work I had yet read treating any of the 
probiems of philosophical biology, and its main principles remained with 
me aS a permanent possession and twenty years later gave me the long- 
sought clue to the effective agent in the evolution of organic species.” And 
he recorded vividly the moment when Malthus reappeared on his horizon 
and changed his life. In January. 1858 Wallace had just arrived at Ternate 
in the Moluccas to collect butterflies and beetles, “bitten by the | the passion for 
species and their description, and if neither Darwin nor myself had hit upon 
“Natural Selection,’ I might have spent the best years of my life in this 
comparatively profitless work.” His thinking had reached a dead end. 


I was suffering from a sharp attack of intermittent fever, and every day during 
the cold and succeeding hot fits had to lie down for several hours, during which 
time I had nothing to do but to think over any subjects then particularly interest- 
ing me. One day something brought to my recollection Malthus’s “Principles of 
Population,” which I had read twelve years before. I thought of his clear exposi- 
tion of “the positive checks to increase” —disease, accidents, war, and famine— 
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which keep down the population of savage races to so much lower an average than 
that of more civilized peoples. It then occurred to me that these causes or their 
equivalents are continually acting in the case of animals also; and as animals 
usually breed much more rapidly than does mankind, the destruction every year 
from these causes must be enormous in order to keep down the numbers of each 
species . . . as otherwise the world would Jong azo have been sect crowded 
with these that breed most quickly... . Why me die ans e Jive? And 
the answer was See that on the whole the 
disease the most healthy escaped 


Ly escaped; from enemies, the strongest, the swiftest, or the 
most cunning; sh anne the best hunters or those with the best digestion; and 
so on. Then it suddenly flashed upon me that this self-acting process would 
necessarily e, \because in every generation the inferior aoule 
inevitably be killed off and the superior would temain—that 1 is, the fittest woula 

.... waited anxiously for the termination of my fit so that 1 Mehta at 
once make notes for a paper on the subject. 


The following two evenings he spent writing the paper that he sent to 
Darwin by the next post, with the results we have already seen. 
had been a reaction against his father’s 
admiration for the utopian ideas of Rousseau and William Godwin. Though 
destined for the clergy and actually ordained, the young Malthus at Cam- 
bridge had done brilliantly in mathematics. “‘Population, when unchecked,” 
he gave as the heart of his “principle,” “increases in a geometrical ratio. 
Subsistence increases only in arithmetical ratio.” And despite his frequent 
old-fashioned moralizing, his book had the ring of quantitative social sci- 
ence. —to reshape the Poor 
Laws so that the leaders of England “would not be open to the objection 
of violating our promises to the poor.” And in the long run he would 
influence economic thinking. Karl Marx learned from him, and John May- 
nard Keynes would credit Malthus with the idea that effective demand was 
a way of avoiding depressions. But Malthus’ influence on biology was quite 
unpredict d. The struggle for existence, Darwin explained in the Origin of 
Species, shtemimesineatehtaiaoe applied with manifold force to the 
whole animal and vegetable kingdom.” The cogency of Malthus’ style had 
much to do with the remarkable impact of his small book, which went 
through six editions before his death and increased in power with the years. 
hether readers agreed or 
disagreed, what mattered was that the published book sparked discussion 
as it sold copies. When Darwin’s Origin of Species was offered to the shrewd 
John Murray (who had published a revised Voyage of the Beagle and 
Herman Melville's tales of the South Seas after several others had refused), 


he was far from enthusiastic. The cautious Darwin asked Lyell on March 
28, 1859, how he should approach Murray: 
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P.S. Would you advise me to tell Murray that my book is not more un- orthodox 
than the subject makes inevitable. That I do not discuss the origin of man. That 
I do not bring in any discussion about Genesis, &c., &c., and only give facts, and 
such conclusions from them as seem to me fair. 

Or had I better say nothing to Murray, and assume that he cannot object to 
this much unorthodoxy, which in fact is not more than any Geological Treatise 
which runs slap counter to Genesis. 


Finally, all that Murray objected to were the words “Abstract” and ““Natu- 
ral Selection” in the title. Seeing only the chapter titles, and on Lyell’s 
recommendation, Murray agreed to publish, giving Darwin two-thirds of 
the net profit. 

The Reverend Whitwell Elwin, editor of the prestigious Quarterly Re- 
view, in a reader’s report, which would become a classic in the trade, advised 
Murray that it was unwise to publish anything that called itself only an 
“abstract.” Since the subject was so controversial, Elwin urged that, in- 
stead, Darwin should write a book on pigeons, on which he was known to 
have some ingenious observations. ‘‘Everyone is interested in pigeons,” he 
added. “The book would be reviewed in every journal in the kingdom and 
would soon be on every library table.” Darwin was not persuaded. 

A lawyer friend of Murray’s encouraged him to print 1,000 copies instead 
of the planned 500, and the number was raised to 1,250 before publication 
on November 24, 1859. Until the last moment Darwin feared that Murray 
was overcommitted, and even offered to pay the cost of his proof correc- 
tions. When all copies were taken by booksellers, another 3,000 were 
printed. The result was beyond expectations. “Sixteen thousand copies have 
now (1876) been sold in England,” Darwin noted in his Autobiography, “and 
considering how stiff a book it is this is a large sale. It has been translated 
into almost every European tongue, even into such languages as Spanish, 
Bohemian, Polish, and Russian. It has also, according to Miss Bird, been 
translated into Japanese and is there much studied. Even an essay in He- 
brew has appeared on it, showing that the theory is contained in the Old 
Testament!” He proudly counted more than 265 reviews, and numerous 
essays. Darwin attributed the publishing success (not large, for popular 
novels were equaling Darwin’s boasted total in a single year) to his bringing 
together “innumerable well-observed facts,” and to the moderate size of the 
book, which he said he owed to help from Wallace’s essay. 

The initial hostile reception of the Origin of Species, and especially the 
ignorant and contemptuous attack by Bishop Samuel Wilberforce, has be- 
come proverbial. But im. Within a 
decade of publication, questions for the natural science tripos at Cambridge, 
instead of asking for “evidence of design” in nature, required an analysis 
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of the concept of the struggle for existence. When even the ill-tempered 
cate MA Ss aascihd confessed his error, Darwin’s champion, 


emaine “Confession unaccompanied 
by patncee 5 _ affords no ground for mitigation of judgment; and the 
kindliness with which Mr. Darwin speaks of his assailant, Bishop Wilber- 
force, 1s so striking an exemplification of his singular gentleness and mod- 
esty, that it rather increases one’s 2 AS STD against the presumption of 
his critic.” ey called Da s book “‘the most potent instrument for 
the extension of tne nai of narifal enceinies which has come into men’s 
hands, since the publication of Newton’s Principia.” “It was badly received 
by the generation to which it was first addressed, and the outpouring of 
angry nonsense to which it gave rise 1s sad to think upon. But the present 
generation will probably behave just as badly if another Darwin should 
arise, and inflict upon them what the generality of mankind most hate— 
The long-term influence of winism and its fruitful ambivalence for 
science and religion was eneodieds in ey's inventior 
“nostic” to describe the limits and the promise of scientific edge 
Huxley took his clue from Saint Paul’s encounter with the Athenians wor- 
shipping at an altar inscribed “To the Unknown God.” On the urging of 


twenty members of Parliament, when Darwin died in 1882 he was buried 
in Westminster Abbey. 
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On the Origin of Species by Means of Natural Selection, 
or the Preservation of Favoured Races in the Struggle for Life. 


By Charles Darwin 


[Extracts from the first edition, London, 1859. Pagination does not follow the original pagination] 


Introduction 


When on board H.MLS. 'Beagle,' as naturalist, I was much struck with certain facts in the Kem 
distribution of the inhabitants of South America, and in the geological relations of the present ~ 
to the past inhabitants of that continen hese facts seemed to me to throw some light on the 
origin of cot ermi eres 7s as it has been called by one of our greatest 
philosophers. On my return home, it occurred to me, in 1837, that something might perhaps be 
made out on this question by patiently accumulating and reflecting on all sorts of facts which 
could possibly have any bearing on it. After five years' work I allowed myself to speculate on 
the subject, and drew up some short notes; these I enlarged in 1844 into a sketch of the 
conclusions, which then seemed to me probable: from that period to the present day I have 
steadily pursued the same object. I hope that I may be excused for entering on these personal 
details, as I give them to show that I have not been hasty 1n coming to a decision. 

My work is now nearly finished: but as it will take me two or three more years to complete 
it, and as my health is far from strong, I have os aaitged to publish this Abstract. I have more 


especially been induced to do ae as : ee aie pacts os 
e Malay Archipelago, q th ay 


st year he's sent to me a memoir on nik Tae SEE a request that I 
would forward it to Sir Charles Lyell, who sent it to the Linnean Society, and it is published in 
the third volume of the Journal of that Society. Sir C. Lyell and Dr. Hooker, who both knew of 
my work-the latter having read my sketch of 1844-honoured me by thinking it advisable to 
publish, with Mr. Wallace's excellent memoir, some brief extracts from my manuscripts. 

This Abstract, which I now publish, must necessarily be imperfect. I cannot here give 
references and authorities for my several statements; and I must trust to the reader reposing 
some confidence in my accuracy. No doubt errors will have crept in, though I hope I have 
always been cautious in trusting to good authorities alone. I can here give only the 

with a few facts in illustration, but which, I hope, in most 
cases will suffice. No one can feel more sensible than I do of the necessity of hereafter 
publishing in detail all the facts, with references, on which my conclusions have been 
grounded; and I hope in a future work to do this. For I am well aware that scarcely a single 
point is discussed in this volume on which facts cannot be adduced, often apparently leading to 
conclusions directly opposite to those at which I have arrived. A fair result can be obtained 
only by fully stating and balancing the facts and arguments on both sides of each question; and 
this cannot possibly be here done. 

I much regret that want of space prevents my having the satisfaction of acknowledging the 
generous assistance which I have received from very many naturalists, some of them 
personally unknown to me. I cannot, however, let this opportunity pass without expressing my 
deep obligations to Dr. Hooker, who for the last fifteen years has aided me in every possible 
way by his large stores of knowledge and his excellent judgment. 
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In considering the Origin of Species, it is quite conceivable that a naturalist, reflecting on 
the mutual affinities of organic beings, on their embryological relations, their geographical 
distribution, geological succession, and other such facts, might come to the conclusion that 
each species had not been independently created, but had descended, like varieties, from other 
species. Nevertheless, such a conclusion, even if well founded, would be unsatisfactory, until 
it could be shown how the innumerable species inhabiting this world have been modified, so as 
to acquire that perfection of structure and coadaptation which most justly excites our 
admiration. Naturalists continually refer to external conditions, such as climate, food, &c., as 
the only possible cause of variation. In one very limited sense, as we shall hereafter see, this 
may be true; but it is preposterous to attribute to mere external conditions, the structure, for 
instance, of the woodpecker, with its feet, tail, beak, and tongue, so admirably adapted to catch 
insects under the bark of trees. In the case of the misseltoe, which draws its nourishment from 
certain trees, which has seeds that must be transported by certain birds, and which has flowers 
with separate sexes absolutely requiring the agency of certain insects to bring pollen from one 
flower to the other, it is equally preposterous to account for the structure of this parasite, with 
its relations to several distinct organic beings, by the effects of external conditions, or of habit, 
or of the volition of the plant itself. 

The author of the 'Vestiges of Creation’ would, I presume, say that, after a certain unknown 
number of generations, some bird had given birth to a woodpecker, and some plant to the 
misseltoe, and that these had been produced perfect as we now see them: but this assumption 
seems to me to be no explanation, for it leaves the case of the coadaptations of organic beings 
to each other and to their physical conditions of life, untouched and unexplained. 

It is, therefore, of the highest importance to gain a clear insight into the means of 
modification and coadaptation. At the commencement of my observations it seemed to me 
probable that a careful study of domesticated animals and of cultivated plants would offer the 
best chance of making out this obscure problem. Nor have I been disappointed; in this and in 
all other perplexing cases I have invariably found that our knowledge, imperfect though it be, 
of variation under domestication, afforded the best and safest clue. I may venture to express 
my conviction of the high value of such studies, although they have been very commonly 
neglected by naturalists. 

From these considerations, I shall devote the first chapter of this Abstract to Variation 
under Domestication. We shall thus see that a large amount of hereditary modification is at 
least possible, and, what is equally or more important, we shall see how great is the power of 
man in accumulating by his Selection successive slight variations. I will then pass on to the 
variability of species in a state of nature; but I shall, unfortunately, be compelled to treat this 
subject far too briefly, as it can be treated properly only by giving long catalogues of facts. We 
shall, however, be enabled to discuss what circumstances are most favourable to variation. In 
the next chapter the Struggle for Existence amongst all organic beings throughout the world, 
which inevitably follows from their high geometrical powers of increase, will be treated of. 
This is the doctrine of Malthus, applied to the whole animal and vegetable kingdoms. As 
many more individuals of each species are born than can possibly survive: and as, 
consequently, there is a frequently recurring struggle for existence, it follows that any being, if 
it vary however slightly in any manner profitable to itself, under the complex and sometimes 
varying conditions of life, will have a better chance of surviving, and thus be naturally 
selected. From the strong principle of inheritance, any selected variety will tend to propagate 
its new and modified form. 

This fundamental subject of Natural Selection will be treated at some length in the fourth 
chapter, and we shall then see how Natural Selection almost inevitably causes much Extinction 
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of the less improved forms of life and induces what I have called Divergence of Character. In 
the next chapter I shall discuss the complex and little known laws of variation and of 
correlation of growth. In the four succeeding chapters, the most apparent and gravest 
difficulties on the theory will be given: namely, first, the difficulties of transitions, or in 
understanding how a simple being or a simple organ can be changed and perfected into a 
highly developed being or elaborately constructed organ; secondly the subject of Instinct, or 
the mental powers of animals, thirdly, Hybridism, or the infertility of species and the fertility 
of varieties when intercrossed; and fourthly, the imperfection of the Geological Record. In the 
next chapter I shall consider the geological succession of organic beings throughout time; in 
the eleventh and twelfth, their geographical distribution throughout space; in the thirteenth, 
their classification or mutual affinities, both when mature and in an embryonic condition. In 
the last chapter I shall give a brief recapitulation of the whole work, and a few concluding 
remarks. 

No one ought to feel surprise at much remaining as yet unexplained in regard to the origin 
of species and varieties, if he makes due allowance for our profound ignorance in regard to the 
mutual relations of all the beings which live around us. Who can explain why one species 
ranges widely and is very numerous, and why another allied species has a narrow range and is 
rare? Yet these relations are of the highest importance, for they determine the present welfare, 
and, as I believe, the future success and modification of every inhabitant of this world. Stull 
less do we know of the mutual relations of the innumerable inhabitants of the world during the 
many past geological epochs in its history. Although much remains obscure, and will long 
Temain obscure, I can entertain no doubt, after the most deliberate study and dispassionate 
judgment of which I am capable, that the view which most naturalists entertain, and which I 
formerly entertained—namely, that each species has been independently created—-is erroneous. I 
am fully convinced that species are not immutable; but that those belonging to what are called 
the same genera are lineal descendants of some other and generally extinct species, in the same 
manner as the acknowledged varieties of any one species are the descendants of that species. 
Furthermore, J am convinced that Natural Selection has been the main but not exclusive means 
of modification. 


Chapter III 
Struggle for Existence 


Bears on natural selection - The term used in a wide sense — Geometrical powers of 
increase — Rapid increase of naturalized animals and plants - Nature of the checks to 
increase — Competition universal — Effects of climate — Protection from the number of 
individuals — Complex relations of all animals and plants throughout nature — Struggle for 
life most severe between individuals and varieties of the same species; often severe between 
species of the same genus — The relation of organism to organism the most important of all 
relations. 

Before entering on the subject of this chapter, I must make a few preliminary remarks, to 
show how the struggle for existence bears on Natural Selection. It has been seen in the last 
chapter that amongst organic beings im a state of nature there is some individual vaniability; 
indeed I am not aware that this has ever been disputed It is immaterial for us whether a 
multitade of doubtful forms be called species or sub-species or varieties; what rank, for 
instance, the two or three hundred doubtful forms of British plants are entitled to hold, if the 
existence of any well-marked varieties be admitted. But the mere existence of individual 
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variability and of some few well-marked varieties, though necessary as the foundation for the 
work, helps us but little in understanding how species arise in nature. How have all those 
exquisite adaptations of one part of the organisation to another part, and to the conditions of 
life, and of one distinct organic being to another being, been perfected? We see these beautiful 
co-adaptations most plainly in the woodpecker and missletoe; and only a little less plainly in 
the humblest parasite which clings to the hairs of a quadruped or feathers of a bird; in the 
structure of the beetle which dives through the water; in the plumed seed which is wafted by 
the gentlest breeze; in short, we see beautiful adaptations everywhere and in every part of the 
organic world. 

Again, it may be asked, how is it that varieties, which I have called incipient species, 
become ultimately converted into good and distinct species, which in most cases obviously 
differ from each other far more than do the varieties of the same species? How do those 
groups of species, which constitute what are called distinct genera, and which differ from each 
other more than do the species of the same genus, arise? All these results, as we shall more 
fully see in the next chapter, follow inevitably from the struggle for life. Owing to this 
struggle for life, any variation, however slight and from whatever cause proceeding, if it be in 
any degree profitable to an individual of any species, in its infinitely complex relations to other 
organic beings and to external nature, will tend to the preservation of that individual, and will 
generally be inherited by its offspring. The offspring, also, will thus have a better chance of 
surviving, for, of the many individuals of any species which are periodically born, but a small 
number can survive. I have called this principle, by which each slight variation, if useful, is 
preserved, by the term of Natural Selection, in order to mark its relation to man’s power of 
selection. We have seen that man by selection can certainly produce great results, and can 
adapt organic beings to his own uses, through the accumulation of slight but useful variations, 
given to him by the hand of Nature. But Natural Selection, as we shall hereafter see, is a 
power incessantly ready for action, and is as immeasurably superior to man’s feeble efforts, as 
the works of Nature are to those of Art. 

We will now discuss in a little more detail the struggle for existence. In my future work 
this subject shall be treated, as it well deserves, at much greater length. The elder De Candolle 
and Lyell have largely and philosophically shown that all organic beings are exposed to severe 
competition. In regard to plants, no one has treated this subject with more spirit and ability 
than W. Herbert, Dean of Manchester, evidently the result of his great horticultural knowledge. 
Nothing is easier than to admit in words the truth of the universal struggle for life, or more 
difficult—at least I have found it so—than constantly to bear this conclusion in mind. Yet unless 
it be thoroughly engrained in the mind, I am convinced that the whole economy of nature, with 
every fact on distribution, rarity, abundance, extinction, and variation, will be dimly seen or 
quite misunderstood. We behold the face of nature bright with gladness, we often see 
superabundance of food, we do not see, or we forget, that the birds which are idly singing 
round us mostly live on insects or seeds, and are thus constantly destroying life; or we forget 
how largely these songsters, or their eggs, or their nestlings, are destroyed by birds and beasts 
of prey; we do not always bear in mind, that though food may be now superabundant, it is not 
so at all seasons of each recurring year. 

I should premise that I use the term Struggle for Existence in a large and metaphorical 
sense, including dependence of one being on another, and including (which is more important) 
not only the life of the individual, but success in leaving progeny. Two canine animals in a 
time of dearth may be truly said to struggle with each other which shall get food and live. But 
a plant on the edge of a desert is said to struggle for life against the drought, though more 
properly it should be said to be dependent on the moisture. A plant which annually produces a 
thousand seeds, of which on an average only one comes to maturity, may be more truly said to 
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struggle with the plants of the same and other kinds which already clothe the ground. The 
missletoe is dependent on the apple and a few other trees, but can only in a far-fetched sense 
be said to struggle with these trees, for if too many of these parasites grow on the same tree, it 
will languish and die. But several seedling missietoes, growing close together on the same 
branch, may more tnuly be said to struggle with each other. As the missletoe is disseminated 
by birds, its existence depends on birds; and it may metaphorically be said to struggle with 
other fruit-bearing plants, in order to tempt birds to devour and thus disseminate its seeds 
rather than those of other plants. In these several senses, which pass into each other, I use for 
convenience sake the general term of struggle for existence. 

A struggle for existence inevitably follows from the high rate at which all organic beings 
tend to increase. Every being, which during its natural lifetime produces several eggs or seeds, 
must suffer destruction during some period of its life, and during some season or occasional 
year, otherwise, on the principle of geometrical increase, its numbers would quickly become so 
inordinately great that no country could support the product. Hence, as more individuals are 
produced than can possibly survive, there must in every case be a struggle for existence, either 
one individual with another of the same species, or with the individuals of distinct species, or 
with the physical conditions of life. It is the doctrine of Malthus applied with manifold force 
to the whole animal and vegetable kingdoms; for in this case there can be no artificial increase 
of food, and no prudential restraint from marriage. Although some species may be now 
increasing, more or less rapidly, in numbers. all cannot do so, for the world would not hold 
them. 

There is no exception to the rule that every organic being naturally increases at so high a 
rate, that if not destroyed, the earth would soon be covered by the progeny of a single pair. 
Even slow-breeding man has doubled in twenty-five years, and at this rate, in a few thousand 
years, there would literally not be standing room for his progeny. Linnaeus has calculated that 
if an annual plant produced only two seeds—and there is no plant so unproductive as this—and 
their seedlings next year produced two, and so on, then in twenty years there would be a 
million plants. The elephant is reckoned to be the slowest breeder of all known animals, and I 
have taken some pains to estimate its probable minimum rate of natural increase: it will be 
under the mark to assume that it breeds when thirty years old, and goes on breeding till ninety 
years old, bringing forth three pair of young in this interval; if this be so, at the end of the fifth 
century there would be alive fifteen million elephants, descended from the first pair. 

But we have better evidence on this subject than mere theoretical calculations, namely, the 
numerous recorded cases of the astonishingly rapid increase of various animals in a state of 
nature, when circumstances have been favourable to them during two or three following 
seasons. Still more striking is the evidence from our domestic animals of many kinds which 
have run wild in several parts of the world: if the statements of the rate of increase of 
slow-breeding cattle and horses in South America, and latterly in Australia, had not been well 
authenticated, they would have been quite incredible. So it is with plants: cases could be 
given of introduced plants which have become common throughout whole islands in a period 
of less than ten years. Several of the plants now most numerous over the wide plains of La 
Plata, clothing square leagues of surface almost to the exclusion of all other plants, have been 
introduced from Europe; and there are plants which now range in India, as I hear from Dr. 
Falconer, from Cape Comorin to the Himalaya, which have been imported from America since 
its discovery. In such cases, and endless instances could be given, no one supposes that the 
fertility of these animals or plants has been suddenly and temporarily increased in any sensible 
degree. The obvious explanation is that the conditions of life have been very favourable, and 
that there has consequently been less destruction of the old and young, and that nearly all the 
young have been enabled to breed. In such cases the geometrical ratio of increase, the result of 
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which never fails to be surprising, simply explains the extraordinarily rapid increase and wide 
diffusion of naturalised productions in their new homes. 

In a state of nature almost every plant produces seed, and amongst animals there are very 
few which do not annually pair. Hence we may confidently assert, that all plants and animals 
are tending to increase at a geometrical ratio, that all would most rapidly stock every station in 
which they could any how exist, and that the geometrical tendency to increase must be checked 
by destruction at some period of life. Our familiarity with the larger domestic animals tends, I 
think, to mislead us: we see no great destruction falling on them, and we forget that thousands 
are annually slaughtered for food, and that in a state of nature an equal number would have 
somehow to be disposed of. 

The only difference between organisms which annually produce eggs or seeds by the 
thousand, and those which produce extremely few, is, that the slow-breeders would require a 
few more years to people, under favourable conditions, a whole district, let it be ever so large. 
The condor lays a couple of eggs and the ostrich a score, and yet in the same country the 
condor may be the more numerous of the two: the Fulmar petrel lays but one egg, yet it is 
believed to be the most numerous bird in the world. One fly deposits hundreds of eggs, and 
another, like the hippobosca, a single one; but this difference does not determine how many 
individuals of the two species can be supported in a district. A large number of eggs is of 
some importance to those species, which depend on a rapidly fluctuating amount of food, for it 
allows them rapidly to increase in number. But the real importance of a large number of eggs 
or seeds is to make up for much destruction at some period of life; and this period in the great 
majority of cases is an early one. If an animal can in any way protect its own eggs or young, a 
small number may be produced, and yet the average stock be fully kept up; but if many eggs or 
young are destroyed, many must be produced, or the species will become extinct. It would 
suffice to keep up the full number of a tree, which lived on an average for a thousand years, if 
a single seed were produced once in a thousand years, supposing that this seed were never 
destroyed, and could be ensured to germinate in a fitting place. So that in all cases, the 
average number of any animal or plant depends only indirectly on the number of its eggs or 
seeds. 

In looking at Nature, it is most necessary to keep the foregoing considerations always in 
mind—never to forget that every single organic being around us may be said to be striving to 
the utmost to increase in numbers; that each lives by a struggle at some period of its life; that 
heavy destruction inevitably falls either on the young or old, during each generation or at 
recurrent intervals. Lighten any check, mitigate the destruction ever so little, and the number 
of the species will almost instantaneously increase to any amount. The face of Nature may be 
compared to a yielding surface, with ten thousand sharp wedges packed close together and 
driven inwards by incessant blows, sometimes one wedge being struck, and then another with 
greater force. What checks the natural tendency of each species to increase in number is most 
obscure. Look at the most vigorous species; by as much as it swarms in numbers, by so much 
will its tendency to increase be still further increased. We know not exactly what the checks 
are in even one single instance. Nor will this surprise any one who reflects how ignorant we 
are on this head, even in regard to mankind, so incomparably better known than any other 
animal. This subject has been ably treated by several authors, and I shall, in my future work, 
discuss some of the checks at considerable length, more especially in regard to the feral 
animals of South America. Here I will make only a few remarks, just to recall to the reader's 
mind some of the chief points. Eggs or very young animals seem generally to suffer most, but 
this is not invariably the case. With plants there is a vast destruction of seeds, but, from some 
observations which I have made, I believe that it is the seedlings which suffer most from 
germinating in ground already thickly stocked with other plants. Seedlings, also, are destroyed 
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in vast numbers by various enemies: for instance, on a piece of ground three feet long and two 
wide, dug and cleared, and where there could be no choking from other plants, I marked all the 
seedlings of our native weeds as they came up, and out of the 357 no less than 295 were 
destroyed, chiefly by slugs and insects. If turf which has long been mown, and the case would 
be the same with turf closely browsed by quadrupeds, be let to grow, the more vigorous plants 
gradually kill the less vigorous, though fully grown, plants: thus out of twenty species 
growing on a little plot of turf (three feet by four) nine species perished from the other species 
being allowed to grow up freely. 

The amount of food for each species of course gives the extreme limit to which each can 
increase; but very frequently it is not the obtaining food, but the serving as prey to other 
animals, which determines the average numbers of a species. Thus, there seems to be little 
doubt that the stock of partridges, grouse, and hares on any large estate depends chiefly on the 
destruction of vermin. [If not one head of game were shot during the next twenty years in 
England, and, at the same time, if no vermin were destroyed, there would, in all probability, be 
less game than at present, although hundreds of thousands of game animals are now annually 
killed. On the other hand, in some cases, as with the elephant and rhinoceros, none are 
destroyed by beasts of prey: even the tiger in India most rarely dares to attack a young 
elephant protected by its dam. 


Climate plays an important part in determining the average numbers of a species, and 
periodical seasons of extreme cold or drought, I believe to be the most effective of all checks. 
I estimated that the winter of 1854-55 destroyed four-fifths of the birds in my own grounds; 
and this is a tremendous destruction, when we remember that ten percent is an extraordinarily 
severe mortality from epidemics with man. The action of climate seems at first sight to be 
quite independent of the struggle for existence; but in so far as climate chiefly acts in reducing 
food, it brings on the most severe struggle between the individuals, whether of the same or of 
distinct species, which subsist on the same kind of food. Even when climate, for instance 
extreme cold, acts directly, it will be the least vigorous, or those which have got least food 
through the advancing winter, which will suffer most. When we travel from south to north, or 
from a damp region to a dry, we invariably see some species gradually getting rarer and rarer, 
and finally disappearing; and the change of climate being conspicuous, we are tempted to 
attribute the whole effect to its direct action. But this is a very false view: we forget that each 
species, even where it most abounds, is constantly suffering enormous destruction at some 
period of its life, from enemies or from competitors for the same place and food; and if these 
enemies or competitors be in the least degree favoured by any slight change of climate, they 
will increase in numbers, and, as each area is already fully stocked with inhabitants, the other 
species will decrease. When we travel southward and see a species decreasing in numbers, we 
may feel sure that the cause lies quite as much in other species being favoured, as in this one 
being hurt. So it is when we travel northward, but in a somewhat lesser degree, for the number 
of species of all kinds, and therefore of competitors, decreases northwards; hence in going 
northward, or in ascending a mountain, we far oftener meet with stunted forms, due to the 
directly injurious action of climate, than we do in proceeding southwards or in descending a 
mountain. When we reach the Arctic regions, or snow-capped summits, or absolute deserts, 
the struggle for life is almost exclusively with the elements. 

That climate acts in main part indirectly by favouring other species, we may clearly see in 
the prodigious number of plants in our gardens which can perfectly well endure our climate, 
but which never become naturalised, for they cannot compete with our native plants, nor resist 
destruction by our native animals. 
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When a species, owing to highly favourable circumstances, increases inordinately in 
numbers in a small tract, epidemics—at least, this seems generally to occur with our game 
animals—often ensue: and here we have a limiting check independent of the struggle for life. 
But even some of these so-called epidemics appear to be due to parasitic worms, which have 
from some cause, possibly in part through facility of diffusion amongst the crowded animals, 
been disproportionably favoured: and here comes in a sort of struggle between the parasite 
and its prey. 

On the other hand, in many cases, a large stock of individuals of the same species, 
relatively to the numbers of its enemies, is absolutely necessary for its preservation. Thus we 
can easily raise plenty of corn and rape-seed, &c., in our fields, because the seeds are in great 
excess compared with the number of birds which feed on them; nor can the birds, though 
having a superabundance of food at this one season, increase in number proportionally to the 
supply of seed, as their numbers are checked during winter: but any one who has tned, knows 
how troublesome it is to get seed from a few wheat or other such plants in a garden; I have in 
this case lost every single seed. This view of the necessity of a large stock of the same species 
for its preservation, explains, I believe, some singular facts in nature, such as that of very rare 
plants being sometimes extremely abundant in the few spots where they do occur; and that of 
some social plants being social, that is, abounding in individuals, even on the extreme confines 
of their range. For in such cases, we may believe, that a plant could exist only where the 
conditions of its life were so favourable that many could exist together, and thus save each 
other from utter destruction. I should add that the good effects of frequent intercrossing, and 
the ill effects of close interbreeding, probably come into play in some of these cases; but on 
this intricate subject I will not here enlarge. 

Many cases are on record showing how complex and unexpected are the checks and 
relations between organic beings, which have to struggle together in the same country. I will 
give only a single instance, which, though a simple one, has interested me. In Staffordshire, on 
the estate of a relation where I had ample means of investigation, there was a large and 
extremely barren heath, which had never been touched by the hand of man; but several 
hundred acres of exactly the same nature had been enclosed twenty-five years previously and 
planted with Scotch fir. The change in the native vegetation of the planted part of the heath 
was most remarkable, more than is generally seen in passing from one quite different soil to 
another: not only the proportional numbers of the heath-plants were wholly changed, but 
twelve species of plants (not counting grasses and carices) flourished in the plantations, which 
could not be found on the heath. The effect on the insects must have been still greater, for six 
insectivorous birds were very common in the plantations, which were not to be seen on the 
heath: and the heath was frequented by two or three distinct insectivorous birds. Here we see 
how potent has been the effect of the introduction of a single tree, nothing whatever else 
having been done, with the exception that the land had been enclosed, so that cattle could not 
enter. But how important an element enclosure is, I plainly saw near Farnham, in Surrey. 
Here there are extensive heaths, with a few clumps of old Scotch firs on the distant hill-tops: 
within the last ten years large spaces have been enclosed, and self-sown firs are now springing 
up in multitudes, so close together that all cannot live. 

When I ascertained that these young trees had not been sown or planted. I was so much 
surprised at their numbers that I went to several points of view, whence I could examine 
hundreds of acres of the unenclosed heath, and literally 1 could not see a single Scotch fir, 
except the old planted clumps. But on looking closely between the stems of the heath, I found 
a multitude of seedlings and little trees, which had been perpetually browsed down by the 
cattle. In one square yard, at a point some hundreds yards distant from one of the old clumps, I 
counted thirty-two little trees; and one of them, judging from the rings of growth, had during 
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twenty-six years tried to raise its head above the stems of the heath, and had failed. No wonder 
that, as soon as the land was enclosed, it became thickly clothed with vigorously growing 
young firs. Yet the heath was so extremely barren and so extensive that no one would ever 
have imagined that cattle would have so closely and effectually searched it for food. 

Here we see that cattle absolutely determine the existence of the Scotch fir, but in several 
parts of the world insects determine the existence of cattle. Perhaps Paraguay offers the most 
curious instance of this; for here neither cattle nor horses nor dogs have ever run wild, though 
they swarm southward and northward in a feral state; and Azara and Rengger have shown that 
this is caused by the greater number in Paraguay of a certain fly, which lays its eggs in the 
navels of these animals when first born. The increase of these flies, numerous as they are, 
must be habitually checked by some means, probably by birds. Hence, if certain insectivorous 
birds (whose numbers are probably regulated by hawks or beasts of prey) were to increase in 
Paraguay, the flies would decrease—then cattle and horses would become feral, and this would 
certainly greatly alter (as indeed I have observed in parts of South America) the vegetation: 
this again would largely affect the insects; and this, as we just have seen in Staffordshire, the 
insectivorous birds, and so onwards in ever-increasing circles of complexity. We began this 
series by insectivorous birds, and we have ended with them. Not that in nature the relations 
can ever be as simple as this. Battle within battle must ever be recurring with varying success; 
and yet in the long-run the forces are so nicely balanced, that the face of nature remains 
uniform for long periods of time, though assuredly the merest trifle would often give the 
victory to one organic being over another. Nevertheless so profound is our ignorance, and so 
high our presumption, that we marvel when we hear of the extinction of an organic being; and 
as we do not see the cause, we invoke cataclysms to desolate the world, or invent laws on the 
duration of the forms of life! 

I am tempted to give one more instance showing how plants and animals, most remote in 
the scale of nature, are bound together by a web of complex relations. I shall hereafter have 
occasion to show that the exotic Lobelia fulgens, in this part of England, is never visited by 
insects, and consequently, from its peculiar structure, never can set a seed. Many of our 
orchidaceous plants absolutely require the visits of moths to remove their pollen-masses and 
thus to fertilise them. I have, also, reason to believe that humble-bees are indispensable to the 
fertilisation of the heartsease (Viola tricolor), for other bees do not visit this flower. From 
experiments which I have tried, I have found that the visits of bees, if not indispensable, are at 
least highly beneficial to the fertilisation of our clovers; but humble-bees alone visit the 
common red clover (Trifolium pratense), as other bees cannot reach the nectar. Hence I have 
very little doubt, that if the whole genus of humble-bees became extinct or very rare in 
England, the heartsease and red clover would become very rare, or wholly disappear. The 
number of humble-bees in any district depends in a great degree on the number of field-mice, 
which destroy their combs and nests; and Mr. H. Newman, who has long attended to the habits 
of humble-bees, believes that 'more than two thirds of them are thus destroyed all over 
England.’ Now the number of mice is largely dependent, as every one knows, on the number 
of cats; and Mr. Newman says, ‘Near villages and small towns I have found the nests of 
humble-bees more numerous than elsewhere, which [| attribute to the number of cats that 
destroy the mice.’ Hence it is quite credible that the presence of a feline animal in large 
numbers in a district might determine, through the intervention first of mice and then of bees, 
the frequency of certain flowers in that district! 

In the case of every species, many different checks, acting at different periods of life, and 
during different seasons or years, probably come into play; some one check or some few being 
generally the most potent, but all concurring in determining the average number or even the 
existence of the species. In some cases it can be shown that widely-different checks act on the 
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same species in different districts. When we look at the plants and bushes clothing an 
entangled bank, we are tempted to attribute their proportional numbers and kinds to what we 
call chance. But how false a view is this! Every one has heard that when an Amenican forest 
is cut down, a very different vegetation springs up; but it has been observed that the trees now 
growing on the ancient Indian mounds, in the Southern United States, display the same 
beautiful diversity and proportion of kinds as in the surrounding virgin forests. What a 
struggle between the several kinds of trees must here have gone on during long centuries, each 
annually scattering its seeds by the thousand; what war between insect and insect—-between 
insects, snails, and other animals with birds and beasts of prey—all striving to increase, and all 
feeding on each other or on the trees or their seeds and seedlings, or on the other plants which 
first clothed the ground and thus checked the growth of the trees! Throw up a handful of 
feathers, and all must fall to the ground according to definite laws; but how simple is this 
problem compared to the action and reaction of the innumerable plants and animals which 
have determined, in the course of centuries, the proportional numbers and kinds of trees now 
growing on the old Indian ruins! 

The dependency of one organic being on another, as of a parasite on its prey, lies generally 
between beings remote in the scale of nature. This is often the case with those which may 
strictly be said to struggle with each other for existence, as in the case of locusts and 
grass-feeding quadrupeds. But the struggle almost invariably will be most severe between the 
individuals of the same species, for they frequent the same districts, require the same food, and 

are exposed to the same dangers. In the case of varieties of the same species, the struggle will 
generally be almost equally severe, and we sometimes see the contest soon decided: for 
instance, if several varieties of wheat be sown together, and the mixed seed be resown, some of 
the varieties which best suit the soil or climate, or are naturally the most fertile, will beat the 
others and so yield more seed, and will consequently in a few years quite supplant the other 
varieties. To keep up a mixed stock of even such extremely close varieties as the variously 
coloured sweet-peas, they must be each year harvested separately, and the seed then mixed in 
due proportion, otherwise the weaker kinds will steadily decrease in numbers and disappear. 
So again with the varieties of sheep: it has been asserted that certain mountain-varieties will 
starve out other mountain-varieties, so that they cannot be kept together. The same result has 
followed from keeping together different varieties of the medicinal leech. It may even be 
doubted whether the varieties of any one of our domestic plants or animals have so exactly the 
same strength, habits, and constitution, that the original proportions of a mixed stock could be 
kept up for half a dozen generations, if they were allowed to struggle together, like beings in a 
state of nature, and if the seed or young were not annually sorted. 

As species of the same genus have usually, though by no means invariably, some similarity 
in habits and constitution, and always in structure, the struggle will generally be more severe 
between species of the same genus, when they come into competition with each other, than 
between species of distinct genera. We see this in the recent extension over parts of the United 
States of one species of swallow having caused the decrease of another species. The recent 
increase of the missel-thrush in parts of Scotland has caused the decrease of the song-thrush. 
How frequently we hear of one species of rat taking the place of another species under the 
most different climates! In Russia the small Asiatic cockroach has everywhere driven before it 
its great congener. One species of charlock will supplant another, and so in other cases. We 
can dimly see why the competition should be most severe between allied forms, which fill 
nearly the same place in the economy of nature; but probably in no one case could we 
precisely say why one species has been victorious over another in the great battle of life. 

A corollary of the highest importance may be deduced from the foregoing remarks, 
namely, that the structure of every organic being is related, in the most essential yet often 


76 


Part II: Origin of Species. . . 


hidden manner, to that of all other organic beings, with which it comes into competition for 
food or residence, or from which it has to escape, or on which it preys. This is obvious in the 
structure of the teeth and talons of the tiger: and in that of the legs and claws of the parasite 
which clings to the hair on the tiger's body. But in the beautifully plumed seed of the 
dandelion. and in the flattened and fringed legs of the water-beetle, the relation seems at first 
confined to the elements of air and water. Yet the advantage of plumed seeds no doubt stands 
in the closest relation to the land being already thickly clothed by other plants; so that the seeds 
may be widely distributed and fall on unoccupied ground. In the water-beetle, the structure of 
its legs, so well adapted for diving, allows it to compete with other aquatic insects, to hunt for 
its own prey, and to escape serving as prey to other animals. The store of nutriment laid up 
within the seeds of many plants seems at first sight to have no sort of relation to other plants. 
But from the strong growth of young plants produced from such seeds (as peas and beans), 
when sown in the midst of long grass, I suspect that the chief use of the nutriment in the seed is 
to favour the growth of the young seedling, whilst struggling with other plants growing 
vigorously all around. 

Look at a plant in the midst of its range, why does it not double or quadruple its numbers? 
We know that it can perfectly well withstand a little more heat or cold, dampness or dryness, 
for elsewhere it ranges into slightly hotter or colder, damper or drier districts. In this case we 
can clearly see that if we wished in imagination to give the plant the power of increasing in 
number, we should have to give it some advantage over its competitors, or over the animals 
which preyed on it. On the confines of its geographical range, a change of constitution with 
respect to climate would clearly be an advantage to our plant, but we have reason to believe 
that only a few plants or animals range so far, that they are destroyed by the rigour of the 
climate alone. Not until we reach the extreme confines of life, in the arctic regions or on the 
borders of an utter desert, will competition cease. The land may be extremely cold or dry, yet 
there will be competition between some few species, or between the individuals of the same 
species, for the warmest or dampest spots. 

Hence, also, we can see that when a plant or animal is placed in a new country amongst 
new competitors, though the climate may be exactly the same as in its former home, yet the 
conditions of its life will generally be changed in an essential manner. If we wished to 
increase its average numbers in its new home, we should have to modify it in a different way 
to what we should have done in its native country; for we should have to give it some 
advantage over a different set of competitors or enemies. 

It is good thus to try in our imagination to give any form some advantage over another. 
Probably in no single instance should we know what to do, so as to succeed. It will convince 
us of our ignorance on the mutual relations of all organic beings; a conviction as necessary, as 
it seems to be difficult to acquire. All that we can do, is to keep steadily in mind that each 
organic being is striving to increase at a geometrical ratio; that each at some period of its life, 
during some season of the year, during each generation or at intervals, has to struggle for life, 
and to suffer great destruction. When we reflect on this struggle, we may console ourselves 
with the full belief, that the war of nature is not incessant, that no fear is felt, that death is 
generally prompt, and that the vigorous, the healthy, and the happy survive and multiply. 
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Chapter IV 
Natural Selection 


Natural Selection — its power compared with man's selection — its power on characters of 
trifling importance — its power at all ages and on both sexes — Sexual Selection — On the 
generality of intercrosses between individuals of the same species — Circumstances 
favourable and unfavourable to Natural Selection, namely, intercrossing, isolation, number 
of individuals — Slow action — Extinction caused by Natural Selection — Divergence of 
Character, related to the diversity of inhabitants of any small area, and to naturalisation — 
Action of Natural Selection, through Divergence of Character and Extinction, on the 
descendants from a common parent — Explains the Grouping of all organic beings. 

How will the struggle for existence, discussed too briefly in the last chapter, act in regard to 
variation? Can the principle of selection, which we have seen is so potent in the hands of man, 
apply in nature? I think we shall see that it can act most effectually. Let it be borne in mind in 
what an endless number of strange peculiarities our domestic productions, and, in a lesser 
degree, those under nature, vary; and how strong the hereditary tendency is. Under 
domestication, it may be truly said that the whole organisation becomes in some degree plastic. 
Let it be borne in mind how infinitely complex and close-fitting are the mutual relations of all 
organic beings to each other and to their physical conditions of life. Can it, then, be thought 
improbable, seeing that variations useful to man have undoubtedly occurred, that other 
variations useful in some way to each being in the great and complex battle of life, should 
sometimes occur in the course of thousands of generations? If such do occur, can we doubt 
(remembering that many more individuals are born than can possibly survive) that individuals 
having any advantage, however slight, over others, would have the best chance of surviving 
and of procreating their kind? On the other hand, we may feel sure that any variation in the 
least degree injurious would be rigidly destroyed. This preservation of favourable variations 
and the rejection of injurious variations, I call Natural Selection. Variations neither useful nor 
injurious would not be affected by natural selection, and would be left a fluctuating element, as 
perhaps we see in the species called polymorphic. 

We shall best understand the probable course of natural selection by taking the case of a 
country undergoing some physical change, for instance, of climate. The proportional numbers 
of its inhabitants would almost immediately undergo a change, and some species might 
become extinct. We may conclude, from what we have seen of the intimate and complex 
manner in which the inhabitants of each country are bound together, that any change in the 
numerical proportions of some of the inhabitants, independently of the change of climate itself, 
would most seriously affect many of the others. If the country were open on its borders, new 
forms would certainly immigrate, and this also would seriously disturb the relations of some of 
the former inhabitants. Let it be remembered how powerful the influence of a single 
introduced tree or mammal has been shown to be. But in the case of an island, or of a country 
partly surrounded by barriers, into which new and better adapted forms could not freely enter, 
we should then have places in the economy of nature which would assuredly be better filled 
up, if some of the original inhabitants were in some manner modified; for, had the area been 
open to immigration, these same places would have been seized on by intruders. In such case, 
every slight modification, which in the course of ages chanced to arise, and which in any way 
favoured the individuals of any of the species, by better adapting them to their altered 
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conditions, would tend to be preserved; and natural selection would thus have free scope for 
the work of improvement. 

We have reason to believe, as stated in the first chapter, that a change in the conditions of 
life, by specially acting on the reproductive system, causes or increases variability; and in the 
foregoing case the conditions of life are supposed to have undergone a change, and this would 
manifestly be favourable to natural selection, by giving a better chance of profitable variations 
occurring; and unless profitable variations do occur, natural selection can do nothing. Not that, 
as I believe, any extreme amount of variability is necessary; as man can certainly produce great 
results by adding up in any given direction mere individual differences, so could Nature, but 
far more easily, from having incomparably longer time at her disposal. Nor do I believe that 
any great physical change, as of climate, or any unusual degree of isolation to check 
immigration, is actually necessary to produce new and unoccupied places for natural selection 
to fill up by modifying and improving some of the varying inhabitants. For as all the 
inhabitants of each country are struggling together with nicely balanced forces, extremely 
slight modifications in the structure or habits of one inhabitant would often give it an 
advantage over others; and still further modifications of the same kind would often still further 
increase the advantage. No country can be named in which all the native inhabitants are now 
so perfectly adapted to each other and to the physical conditions under which they live, that 
none of them could anyhow be improved; for in all countries, the natives have been so far 
conquered by naturalised productions, that they have allowed foreigners to take firm 
possession of the land. And as foreigners have thus everywhere beaten some of the natives, we 
may safely conclude that the natives might have been modified with advantage, so as to have 
better resisted such intruders. 

As man can produce and certainly has produced a great result by his methodical and 
unconscious means of selection, what may not nature effect? Man can act only on external 
and visible characters: nature cares nothing for appearances, except in so far as they may be 
useful to any being. She can act on every internal organ, on every shade of constitutional 
difference, on the whole machinery of life. Man selects only for his own good; Nature only for 
that of the being which she tends. Every selected character is fully exercised by her; and the 
being is placed under well-suited conditions of life. Man keeps the natives of many climates in 
the same country; he seldom exercises each selected character in some peculiar and fitting 
manner, he feeds a long and a short beaked pigeon on the same food: he does not exercise a 
long-backed or long-legged quadruped in any peculiar manner; he exposes sheep with long and 
short wool to the same climate. He does not allow the most vigorous males to struggle for the 
females. He does not ngidly destroy all inferior animals, but protects during each varying 
season, as far as lies in his power, all his productions. He often begins his selection by some 
half-monstrous form; or at least by some modification prominent enough to catch his eye, or to 
be plainly useful to him. Under nature, the slightest difference of structure or constitution may 
well turn the nicely-balanced scale in the struggle for life, and so be preserved. How fleeting 
are the wishes and efforts of man! How short his tme! And consequently how poor will his 
products be, compared with those accumulated by nature dunng whole geological periods. 
Can we wonder, then, that nature's productions should be far ‘truer’ in character than man's 
productions; that they should be infinitely better adapted to the most complex conditions of 
life, and should plainly bear the stamp of far higher workmanship? 

It may be said that natural selection is daily and hourly scrutinising, throughout the world, 
every variation, even the slightest; rejecting that which is bad, preserving and adding up all 
that is good; silently and insensibly working, whenever and wherever opportunity offers, at the 
improvement of each organic being in relation to its organic and inorganic conditions of life. 
We see nothing of these slow changes in progress, until the hand of time has marked the long 
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lapse of ages, and then so imperfect is our view into long past geological ages, that we only see 
that the forms of life are now different from what they formerly were. 

Although natural selection can act only through and for the good of each being, yet 
characters and structures, which we are apt to consider as of very trifling importance, may thus 
be acted on. When we see leaf-eating insects green, and bark-feeders mottled-grey; the alpine 
ptarmigan white in winter, the red-grouse the colour of heather, and the black-grouse that of 
peaty earth, we must believe that these tints are of service to these birds and insects in 
preserving them from danger. Grouse, if not destroyed at some period of their lives, would 
increase in countless numbers; they are known to suffer largely from birds of prey; and hawks 
are guided by eyesight to their prey, -so much so, that on parts of the Continent persons are 
warned not to keep white pigeons, as being the most liable to destruction. Hence | can see no 
reason to doubt that natural selection might be most effective in giving the proper colour to 
each kind of grouse, and in keeping that colour, when once acquired, true and constant. Nor 
ought we to think that the occasional destruction of an animal of any particular colour would 
produce little effect: we should remember how essential it is in a flock of white sheep to 
destroy every lamb with the faintest trace of black. In plants the down on the fruit and the 
colour of the flesh are considered by botanists as characters of the most trifling importance: 
yet we hear from an excellent horticulturist, Downing. that in the United States 
smooth-skinned fruits suffer far more from a beetle, a curculio, than those with down; that 
purple plums suffer far more from a certain disease than yellow plums; whereas another 
disease attacks yellow-fleshed peaches far more than those with other coloured flesh. If, with 
all the aids of art, these slight differences make a great difference in cultivating the several 
varieties, assuredly, in a state of nature, where the trees would have to struggle with other trees 
and with a host of enemies, such differences would effectually settle which variety, whether a 
smooth or downy, a yellow or purple fleshed fmuit, should succeed. 

In looking at many small points of difference between species, which, as far as our 
ignorance permits us to judge, seem to be quite unimportant, we must not forget that climate, 
food, &c., probably produce some slight and direct effect. It is, however, far more necessary 
to bear in mind that there are many unknown laws of correlation of growth, which, when one 
part of the organisation is modified through variation, and the modifications are accumulated 
by natural selection for the good of the being, will cause other modifications, often of the most 
unexpected nature. 

As we see that those variations which under domestication appear at any particular period 
of life, tend to reappear in the offspring at the same period; —for instance, in the seeds of the 
many varieties of our culinary and agricultural plants; in the caterpillar and cocoon stages of 
the varieties of the silkworm; in the eggs of poultry, and in the colour of the down of their 
chickens; in the hors of our sheep and cattle when nearly adult; -so in a state of nature, 
natural selection will be enabled to act on and modify organic beings at any age, by the 
accumulation of profitable variations at that age, and by their inheritance at a corresponding 
age. If it profit a plant to have its seeds more and more widely disseminated by the wind, I 
can see no greater difficulty in this being effected through natural selection, than in the 
cotton-planter increasing and improving by selection the down in the pods on his cotton-trees. 
Natural selection may modify and adapt the larva of an insect to a score of contingencies, 
wholly different from those, which concern the mature insect. These modifications will no 
doubt affect, through the laws of correlation, the structure of the adult; and probably in the case 
of those insects which live only for a few hours, and which never feed, a large part of their 
structure is merely the correlated result of successive changes in the structure of their larvae. 
So, conversely, modifications in the adult will probably often affect the structure of the larva; 
but in all cases natural selection will ensure that modifications consequent on other 
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modifications at a different period of life, shall not be in the least degree injurious: for if they 
became so, they would cause the extinction of the species. 

Natural selection will modify the structure of the young in relation to the parent, and of the 
parent in relation to the young. In social animals it will adapt the structure of each individual 
for the benefit of the community; if each in consequence profits by the selected change. What 
natural selection cannot do, is to modify the structure of one species, without giving it any 
advantage, for the good of another species; and though statements to this effect may be found 
in works of natural history, I cannot find one case which will bear investigation. A structure 
used only once in an animal's whole life, if of high importance to it, might be modified to any 
extent by natural selection; for instance, the great jaws possessed by certain insects, and used 
exclusively for opening the cocoon-or the hard tip to the beak of nestling birds, used for 
breaking the egg. It has been asserted, that of the best short-beaked tumbler-pigeons more 
perish in the egg than are able to get out of it: so that fanciers assist in the act of hatching. 
Now, if nature had to make the beak of a full-grown pigeon very short for the bird's own 
advantage, the process of modification would be very slow, and there would be simultaneously 
the most ngorous selection of the young birds within the egg, which had the most powerful 
and hardest beaks, for all with weak beaks would inevitably perish: or, more delicate and more 


easily broken shells might be selected, the thickness of the shell being known to vary like 
every other structure. 


Sexual Selection. — Inasmuch as peculiarities often appear under domestication in one sex 
and become hereditarily attached to that sex, the same fact probably occurs under nature, and if 
so, natural selection will be able to modify one sex in its functional relations to the other sex, 
or in relation to wholly different habits of life in the two sexes, as is sometimes the case with 
insects. And this leads me to say a few words on what I call Sexual Selection. This depends. 
not on a struggle for existence, but on a struggle between the males for possession of the 
females; the result is not death to the unsuccessful competitor, but few or no offspring. Sexual 
selection is, therefore, less ngorous than natural selection. Generally, the most vigorous males, 
those which are best fitted for their places in nature, will leave most progeny. But in many 
cases, victory will depend not on general vigour, but on having special weapons, confined to 
the male sex. A hornless stag or spurless cock would have a poor chance of leaving offspring. 
Sexual selection by always allowing the victor to breed might surely give indomitable courage, 
length to the spur, and strength to the wing to strike in the spurred leg, as well as the brutal 
cock-fighter, who knows well that he can improve his breed by careful selection of the best 
cocks. How low in the scale of nature this law of battle descends, I know not; male alligators 
have been described as fighting, bellowing, and whirling round, like Indians in a war-dance, 
for the possession of the females; male salmons have been seen fighting all day long; male 
stag-beetles often bear wounds from the huge mandibles of other males. The war is, perhaps, 
severest between the males of polygamous animals, and these seem oftenest provided with 
special weapons. The males of carnivorous animals are already well armed; though to them 
and to others, special means of defence may be given through means of sexual selection, as the 
mane to the lion, the shoulder-pad to the boar, and the hooked jaw to the male salmon: for the 
shield may be as important for victory, as the sword or spear. 

Amongst birds, the contest is often of a more peaceful character. All those who have 
attended to the subject, believe that there is the severest rivalry between the males of many 
species to attract by singing the females. The rock-thmash of Guiana, birds of Paradise, and 
some others, congregate; and successive males display their gorgeous plumage and perform 
strange antics before the females, which standing by as spectators, at last choose the most 
attractive partner. Those who have closely attended to birds in confinement well know that 
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they often take individual preferences and dislikes: thus Sir R. Heron has described how one 
pied peacock was eminently attractive to all his hen birds. It may appear childish to attribute 
any effect to such apparently weak means: I cannot here enter on the details necessary to 
support this view; but if man can in a short time give elegant carriage and beauty to his 
bantams, according to his standard of beauty, I can see no good reason to doubt that female 
birds, by selecting, during thousands of generations, the most melodious or beautiful males, 
according to their standard of beauty, might produce a marked effect. I strongly suspect that 
some well-known laws with respect to the plumage of male and female birds, in comparison 
with the plumage of the young, can be explained on the view of plumage having been chiefly 
modified by sexual selection, acting when the birds have come to the breeding age or during 
the breeding season; the modifications thus produced being inherited at corresponding ages or 
seasons, either by the males alone, or by the males and females; but I have not space here to 
enter on this subject. 

Thus it is, as I believe, that when the males and females of any animal have the same 
general habits of life, but differ in structure, colour, or omament, such differences have been 
mainly caused by sexual selection; that is, individual males have had, in successive 
generations, some slight advantage over other males, in their weapons, means of defence, or 
charms; and have transmitted these advantages to their male offspring. Yet, 1 would not wish 
to attribute all such sexual differences to this agency: for we see peculiarities arising and 
becoming attached to the male sex in our domestic animals (as the wattle in male carmiers, 
horm-like protuberances in the cocks of certain fowls, &c.), which we cannot believe to be 
either useful to the males in battle, or attractive to the females. We see analogous cases under 
nature, for instance, the tuft of hair on the breast of the turkey-cock, which can hardly be either 
useful or ornamental to this bird; —-indeed, had the tuft appeared under domestication, it would 
have been called a monstrosity. 


Illustrations of the action of Natural Selection. — In order to make it clear how, as I 
believe, natural selection acts, I must beg permission to give one or two imaginary 
illustrations. Let us take the case of a wolf, which preys on various animals, securing some by 
craft, some by strength, and some by fleetness; and let us suppose that the fleetest prey, a deer 
for instance, had from any change in the country increased in numbers, or that other prey had 
decreased in numbers, during that season of the year when the wolf is hardest pressed for food. 
I can under such circumstances see no reason to doubt that the swiftest and slimmest wolves 
would have the best chance of surviving, and so be preserved or selected, —provided always 
that they retained strength to master their prey at this or at some other period of the year, when 
they might be compelled to prey on other animals. I can see no more reason to doubt this, 
than that man can improve the fleetness of his greyhounds by careful and methodical selection, 
or by that unconscious selection which results from each man trying to keep the best dogs 
without any thought of modifying the breed. 

Even without any change in the proportional numbers of the animals on which our wolf 
preyed, a cub might be bor with an innate tendency to pursue certain kinds of prey. Nor can 
this be thought very improbable; for we often observe great differences in the natural 
tendencies of our domestic animals; one cat, for instance, taking to catch rats, another mice; 
one cat, according to Mr. St. John, bringing home winged game, another hares or rabbits, and 
another hunting on marshy ground and almost nightly catching woodcocks or snipes. The 
tendency to catch rats rather than mice is known to be inherited.’ Now, if any slight innate 
change of habit or of structure benefited an individual wolf, it would have the best chance of 
surviving and of leaving offspring. Some of its young would probably inherit the same habits 
or structure, and by the repetition of this process, a new variety might be formed which would 
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either supplant or coexist with the parent-form of wolf. Or, again, the wolves inhabiting a 
mountainous district, and those frequenting the lowlands, would naturally be forced to hunt 
different prey; and from the continued preservation of the individuals best fitted for the two 
sites, two varieties might slowly be formed. These varieties would cross and blend where they 
met; but to this subject of intercrossing we shall soon have to return. J may add, that, 
according to Mr. Pierce, there are two varieties of the wolf inhabiting the Catskill Mountains in 
the United States, one with a light greyhound-like form, which pursues deer, and the other 
more bulky, with shorter legs, which more frequently attacks the shepherd's flocks. 

Let us now take a more complex case. Certain plants excrete a sweet juice, apparently for 
the sake of eliminating something injurious from their sap: this is effected by glands at the base 
of the stipules in some Leguminosae, and at the back of the leaf of the common laurel. This 
Juice, though small in quantity, is greedily sought by insects. Let us now suppose a little sweet 
Juice or nectar to be excreted by the inner bases of the petals of a flower. In this case insects in 
seeking the nectar would get dusted with pollen, and would certainly often transport the pollen 
from one flower to the stigma of another flower. The flowers of two distinct individuals of the 
same species would thus get crossed; and the act of crossing, we have good reason to believe 
(as will hereafter be more fully alluded to), would produce very vigorous seedlings, which 
consequently would have the best chance of flourishing and surviving. Some of these 
seedlings would probably inherit the nectar-excreting power. Those individual flowers which 
had the largest glands or nectaries, and which excreted most nectar, would be oftenest visited 
by insects, and would be oftenest crossed; and so in the long-run would gain the upper hand. 
Those flowers, also, which had their stamens and pistils placed, in relation to the size and 
habits of the particular insects which visited them, so as to favour in any degree the transportal 
of their pollen from flower to flower, would likewise be favoured or selected. We might have 
taken the case of insects visiting flowers for the sake of collecting pollen instead of nectar, and 
as pollen is formed for the sole object of fertilisation, its destruction appears a simple loss to 
the plant; yet if a little pollen were carried, at first occasionally and then habitually, by the 
pollen-devouring insects from flower to flower, and a cross thus effected, although nine-tenths 
of the pollen were destroyed, it might still be a great gain to the plant; and those individuals 
which produced more and more pollen, and had larger and larger anthers, would be selected. 

When our plant, by this process of the continued preservation or natural selection of more 
and more attractive flowers, had been rendered highly attractive to insects, they would, 
unintentionally on their part, regularly carry pollen from flower to flower; and that they can 
most effectually do this, I could easily show by many striking instances. I will give only one- 
not as a very striking case, but as likewise illustrating one step in the separation of the sexes of 
plants, presently to be alluded to. Some holly-trees bear only male flowers, which have four 
stamens producing rather a small quantity of pollen, and a rudimentary pistil; other holly-trees 
bear only female flowers; these have a full-sized pistil, and four stamens with shrivelled 
anthers, in which not a grain of pollen can be detected. Having found a female tree exactly 
sixty yards from a male tree, I put the stigmas of twenty flowers, taken from different 
branches, under the microscope, and on all, without exception, there were pollen-grains, and 
on some a profusion of pollen. As the wind had set for several days from the female to the 
male tree, the pollen could not thus have been carried. The weather had been cold and 
boisterous, and therefore not favourable to bees, nevertheless every female flower which I 
examined had been effectually fertilised by the bees, accidentally dusted with pollen, having 
flown from tree to tree in search of nectar. But to return to our imaginary case: as soon as the 
plant had been rendered so highly attractive to insects that pollen was regularly carried from 
flower to flower, another process might commence. No naturalist doubts the advantage of 
what has been called the 'physiological division of labour;' hence we may believe that it would 
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be advantageous to a plant to produce stamens alone in one flower or on one whole plant, and 
pistils alone in another flower or on another plant. In plants under culture and placed under 
new conditions of life, sometimes the male organs and sometimes the female organs become 
more or less impotent: now if we suppose this to occur in ever so slight a degree under nature, 
then as pollen is already carried regularly from flower to flower, and as a more complete 
separation of the sexes of our plant would be advantageous on the principle of the division of 
labour, individuals with this tendency more and more increased, would be continually favoured 
or selected, until at last a complete separation of the sexes would be effected. 

Let us now turn to the nectar-feeding insects in our imaginary case: we may suppose the 
plant of which we have been slowly increasing the nectar by continued selection, to be a 
common plant; and that certain insects depended in main part on its nectar for food. I could 
give many facts, showing how anxious bees are to save time; for instance, their habit of cutting 
holes and sucking the nectar at the bases of certain flowers, which they can, with a very little 
more trouble, enter by the mouth. Bearing such facts in mind, I can see no reason to doubt that 
an accidental deviation in the size and form of the body, or in the curvature and length of the 
proboscis, &c., far too slight to be appreciated by us, might profit a bee or other insect, so that 
an individual so characterised would be able to obtain its food more quickly, and so have a 
better chance of living and leaving descendants. Its descendants would probably inherit a 
tendency to a similar slight deviation of structure. The tubes of the corollas of the common red 
and incarnate clovers (Trifolium pratense and incarnatum) do not on a hasty glance appear to 
differ in length: yet the hive-bee can easily suck the nectar out of the incarnate clover, but not 
out of the common red clover, which is visited by humble-bees alone; so that whole fields of 
the red clover offer in vain an abundant supply of precious nectar to the hive-bee. Thus it 
might be a great advantage to the hive-bee to have a slightly longer or differently constructed 
proboscis. On the other hand, I have found by experiment that the fertility of clover greatly 
depends on bees visiting and moving parts of the corolla, so as to push the pollen on to the 
stigmatic surface. Hence, again, if humble-bees were to become rare in any country, it might 
be a great advantage to the red clover to have a shorter or more deeply divided tube to its 
corolla, so that the hive-bee could visit its flowers. Thus I can understand how a flower and a 
bee might slowly become, either simultaneously or one after the other, modified and adapted in 
the most perfect manner to each other, by the continued preservation of individuals presenting 
mutual and slightly favourable deviations of structure. 

I am well aware that this doctrine of natural selection, exemplified in the above imaginary 
instances, is open to the same objections which were at first urged against Sir Charles Lyell's 
noble views on ‘the modem changes of the earth, as illustrative of geology;' but we now very 
seldom hear the action, for instance, of the coast-waves, called a trifling and insignificant 
cause, when applied to the excavation of gigantic valleys or to the formation of the longest 
lines of inland cliffs. Natural selection can act only by the preservation and accumulation of 
infinitesimally small inherited modifications, each profitable to the preserved being; and as 
modern geology has almost banished such views as the excavation of a great valley by a single 
diluvial wave, so will natural selection, if it be a true principle, banish the belief of the 
continued creation of new organic beings, or of any great and sudden modification in their 
structure. 


On the Intercrossing of Individuals. — I must here introduce a short digression. In the 
case of animals and plants with separated sexes, it is of course obvious that two individuals 
must always unite for each birth; but in the case of hermaphrodites this is far from obvious. 
Nevertheless I am strongly inclined to believe that with all hermaphrodites’ two individuals, 
either occasionally or habitually, concur for the reproduction of their kind. This view, I may 
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add, was first suggested by Andrew Knight. We shall presently see its importance; but I must 
here treat the subject with extreme brevity, though I have the materials prepared for an ample 
discussion. All vertebrate animals, all insects, and some other large groups of animals, pair for 
each birth. Modern research has much diminished the number of supposed hermaphrodites, 
and of real hermaphrodites a large number pair, that is, two individuals regularly unite for 
reproduction, which is all that concerns us. But still there are many hermaphrodite animals, 
which certainly do not habitually pair, and a vast majority of plants are hermaphrodites. What 
reason, it may be asked, is there for supposing in these cases that two individuals ever concur 
in reproduction? As it is impossible here to enter on details, I must trust to some general 
considerations alone. 

In the first place, I have collected so large a body of facts, showing, in accordance with the 
almost universal belief of breeders, that with animals and plants a cross between different 
varieties, or between individuals of the same variety but of another strain, gives vigour and 
fertility to the offspring: and on the other hand, that close interbreeding diminishes vigour and 
fertility; that these facts alone incline me to believe that it is a general law of nature (utterly 
ignorant though we be of the meaning of the law) that no organic being self-fertilises itself for 
an eternity of generations; but that a cross with another individual is occasionally—perhaps at 
very long intervals—indispensable. 

On the belief that this is a law of nature, we can, J think, understand several large classes of 
facts, such as the following, which on any other view are inexplicable. Every hybridizer 
knows how unfavourable exposure to wet is to the fertilisation of a flower, yet what a 
multitude of flowers have their anthers and stigmas fully exposed to the weather! But if an 
occasional cross be indispensable, the fullest freedom for the entrance of pollen from another 
individual will explain this state of exposure, more especially as the plant's own anthers and 
pistil generally stand so close together that self-fertilisation seems almost inevitable. Many 
flowers, on the other hand, have their organs of fructification closely enclosed, as in the great 
papilionaceous or pea-family; but in several, perhaps in all, such flowers, there is a very 
curious adaptation between the structure of the flower and the manner in which bees suck the 
nectar; for, in doing this, they either push the flower's own pollen on the stigma, or bring 
pollen from another flower. So necessary are the visits of bees to papilionaceous flowers, that 
I have found, by experiments published elsewhere, that their fertility is greatly diminished if 
these visits be prevented. Now, it is scarcely possible that bees should fly from flower to 
flower, and not carry pollen from one to the other, to the great good, as I believe, of the plant. 
Bees will act like a camel-hair pencil, and it is quite sufficient just to touch the anthers of one 
flower and then the stigma of another with the same brush to ensure fertilisation; but it must 
not be supposed that bees would thus produce a multitude of hybrids between distinct species; 
for if you bring on the same brush a plant's own pollen and pollen from another species, the 
former will have such a prepotent effect, that it will invariably and completely destroy, as has 
been shown by Gartner, any influence from the foreign pollen. 

When the stamens of a flower suddenly spring towards the pistil, or slowly move one after 
the other towards it, the contrivance seems adapted solely to ensure self-fertilisation; and no 
doubt it is useful for this end: but, the agency of insects is often required to cause the stamens 
to spring forward, as Kolreuter has shown to be the case with the barberry; and curiously in 
this very genus, which seems to have a special contrivance for self-fertilisation, it is well 
known that if very closely-allied forms or varieties are planted near each other, it is hardly 
possible to raise pure seedlings, so largely do they naturally cross. In many other cases, far 
from there being any aids for self-fertilisation, there are special contrivances, as I could show 
from the writings of C. C. Sprengel and from my own observations, which effectually prevent 
the stigma receiving pollen from its own flower: for instance, in Lobelia fulgens, there is a 
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really beautiful and elaborate contrivance by which every one of the infinitely numerous 
pollen-granules are swept out of the conjoined anthers of each flower, before the stigma of that 
individual flower is ready to receive them: and as this flower is never visited, at least in my 
garden, by insects, it never sets a seed, though by placing pollen from one flower on the 
stigma of another, I raised plenty of seedlings; and whilst another species of Lobelia growing 
close by, which is visited by bees, seeds freely. In very many other cases, though there be no 
special mechanical contrivance to prevent the stigma of a flower receiving its own pollen, yet, 
as C. C. Sprengel has shown, and as I can confirm, either the anthers burst before the stigma is 
ready for fertilisation, or the stigma is ready before the pollen of that flower is ready, so that 
these plants have in fact separated sexes, and must habitually be crossed. How strange are 
these facts! How strange that the pollen and stigmatic surface of the same flower, though 
placed so close together, as if for the very purpose of self-fertilisation, should in so many cases 
be mutually useless to each other! How simply are these facts explained on the view of an 
occasional cross with a distinct individual being advantageous or indispensable! 

If several varieties of the cabbage, radish, onion, and of some other plants, be allowed to 
seed near each other, a large majority, as I have found, of the seedlings thus raised will turn out 
mongrels: for instance, I raised 233 seedling cabbages from some plants of different varieties 
growing near each other, and of these only 78 were true to their kind, and some even of these 
were not perfectly true. Yet the pistil of each cabbage-flower is surrounded not only by its own 
six stamens, but also by those of the many other flowers on the same plant. How, then, comes 
it that such a vast number of the seedlings are mongrelized? I suspect that it must arise from 
the pollen of a distinct variety having a prepotent effect over a flower's own pollen: and that 
this is part of the general law of good being derived from the imtercrossing of distinct 
individuals of the same species. When distinct species are crossed the case is directly the 
reverse, for a plant's own pollen is always prepotent over foreign pollen; but to this subject we 
shall return in a future chapter. 

In the case of a gigantic tree covered with innumerable flowers, it may be objected that 
pollen could seldom be carried from tree to tree, and at most only from flower to flower on the 
same tree, and that flowers on the same tree can be considered as distinct individuals only in a 
limited sense. I believe this objection to be valid, but that nature has largely provided against 
it by giving to trees a strong tendency to bear flowers with separated sexes. When the sexes 
are separated, although the male and female flowers may be produced on the same tree, we can 
see that pollen must be regularly carried from flower to flower; and this will give a better 
chance of pollen being occasionally carried from tree to tree. That trees belonging to all 
Orders have their sexes more often separated than other plants, I find to be the case in this 
country; and at my request Dr. Hooker tabulated the trees of New Zealand, and Dr. Asa Gray 
those of the United States, and the result was as | anticipated. On the other hand, Dr. Hooker 
has recently informed me that he finds that the mile does not hold in Australia; and I have made 
these few remarks on the sexes of trees simply to call attention to the subject. 


Tuming for a very brief space to animals: on the land there are some hermaphrodites, as 
land-mollusca and earth-worms; but these all pair. As yet I have not found a single case of a 
terrestrial animal which fertilises itself. We can understand this remarkable fact, which offers 
so strong a contrast with terrestrial plants, on the view of an occasional cross being 
indispensable, by considering the medium in which terrestrial animals live, and the nature of 
the fertilising element; for we know of no means, analogous to the action of insects and of the 
wind in the case of plants, by which an occasional cross could be effected with terrestrial 
animals without the concurrence of two individuals. Of aquatic animals, there are many 
self-fertilising hermaphrodites; but here currents in the water offer an obvious means for an 
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occasional cross. And, as in the case of flowers, I have as yet failed, after consultation with 
one of the highest authorities, namely. Professor Huxley, to discover a single case of an 
hermaphrodite animal with the organs of reproduction so perfectly enclosed within the body, 
that access from without and the occasional influence of a distinct individual can be shown to 
be physically impossible. Cirripedes long appeared to me to present a case of very great 
difficulty under this point of view; but I have been enabled, by a fortunate chance, elsewhere to 
prove that two individuals, though both are self-fertilising hermaphrodites, do sometimes 
Cross. 

It must have struck most naturalists as a strange anomaly that, in the case of animals and 
plants, species of the same family and even of the same genus, though agreeing closely with 
each other in almost their whole organisation, yet are not rarely, some of them hermaphrodites, 
and some of them unisexual. But if, in fact, all hermaphrodites do occasionally intercross with 
other individuals, the difference between hermaphrodites and unisexual species, as far as 
function is concerned, becomes very small. 

From these several considerations and from the many special facts which I have collected, 
but which I am not here able to give, I am strongly inclined to suspect that, both in the 
vegetable and animal kingdoms, an occasional intercross with a distinct individual is a law of 
nature. I am well aware that there are, on this view, many cases of difficulty, some of which I 
am trying to investigate. Finally then, we may conclude that in many organic beings, a cross 
between two individuals is an obvious necessity for each birth: in many others it occurs 
perhaps only at long intervals; but in none, as I suspect, can self-fertilisation go on for 
perpetuity. 


Circumstances favourable to Natural Selection. — This is an extremely intricate subject. 
A large amount of inheritable and diversified variability is favourable, but I believe mere 
individual differences suffice for the work. A large number of individuals, by giving a better 
chance for the appearance within any given period of profitable variations, will compensate for 
a lesser amount of variability in each individual, and is, I believe, an extremely important 
element of success. Though nature grants vast periods of time for the work of natural 
selection, she does not grant an indefinite period: for as all organic beings are striving, it may 
be said, to seize on each place in the economy of nature, if any one species does not become 
modified and improved in a corresponding degree with its competitors, it will soon be 
exterminated. 

In man's methodical selection, a breeder selects for some definite object, and free 
intercrossing will wholly stop his work. But when many men, without intending to alter the 
breed, have a nearly common standard of perfection, and all try to get and breed from the best 
animals, much improvement and modification surely but slowly follow from this unconscious 
process of selection, notwithstanding a large amount of crossing with inferior animals. Thus it 
will be in nature; for within a confined area, with some place in its polity not so perfectly 
occupied as might be, natural selection will always tend to preserve all the individuals varying 
in the night direction, though in different degrees, so as better to fill up the unoccupied place. 
But if the area be large, its several districts will almost certainly present different conditions of 
life; and then if natural selection be modifying and improving a species in the several districts. 
there will be intercrossing with the other individuals of the same species on the confines of 
each. And in this case the effects of intercrossing can hardly be counterbalanced by natural 
selection always tending to modify all the individuals in each district in exactly the same 
manner to the conditions of each; for in a continuous area, the conditions will generally 
graduate away insensibly from one district to another. The intercrossing will most affect those 
animals which unite for each birth, which wander much, and which do not breed at a very 
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quick rate. Hence in animals of this nature, for instance in birds, varieties will generally be 
confined to separated countries: and this I believe to be the case. In hermaphrodite organisms 
which cross only occasionally, and likewise in animals which unite for each birth, but which 
wander little and which can increase at a very rapid rate, a new and improved variety might be 
quickly formed on any one spot, and might there maintain itself in a body, so that whatever 
intercrossing took place would be chiefly between the individuals of the same new variety. A 
local variety when once thus formed might subsequently slowly spread to other districts. On 
the above principle, nurserymen always prefer getting seed from a large body of plants of the 
same variety, as the chance of intercrossing with other varieties is thus lessened. 

Even in the case of slow-breeding animals, which unite for each birth. we must not overrate 
the effects of intercrosses in retarding natural selection; for I can bring a considerable 
catalogue of facts, showing that within the same area, varieties of the same animal can long 
remain distinct, from haunting different stations. from breeding at slightly different seasons, or 
from varieties of the same kind preferring to pair together. 

Intercrossing plays a very important part in nature in keeping the individuals of the same 
species, or of the same variety, true and uniform in character. It will obviously thus act far 
more efficiently with those animals which unite for each birth; but I have already attempted to 
show that we have reason to believe that occasional intercrosses take place with all animals 
and with all plants. Even if these take place only at long intervals, I am convinced that the 
young thus produced will gain so much in vigour and fertility over the offspring from 
long-continued self-fertilisation, that they will have a better chance of surviving and 
propagating their kind; and thus, in the long mm, the influence of intercrosses, even at rare 
intervals, will be great. If there exist organic beings which never intercross, uniformity of 
character can be retained amongst them, as long as their conditions of life remain the same, 
only through the principle of inheritance, and through natural selection destroying any which 
depart from the proper type; but if their conditions of life change and they undergo 
modification, uniformity of character can be given to their modified offspring, solely by 
natural selection preserving the same favourable variations. 

Isolation, also, is an important element in the process of natural selection. In a confined or 
isolated area, if not very large, the organic and inorganic conditions of life will generally be in 
a great degree uniform; so that natural selection will tend to modify all the individuals of a 
varying species throughout the area in the same manner in relation to the same conditions. 
Intercrosses, also, with the individuals of the same species, which otherwise would have 
inhabited the surrounding and differently circumstanced districts, will be prevented. But 
isolation probably acts more efficiently in checking the immigration of better adapted 
organisms, after any physical change, such as of climate or elevation of the land, &c.; and thus 
new places in the natural economy of the country are left open for the old inhabitants to 
struggle for, and become adapted to, through modifications in their structure and constitution. 
Lastly, isolation, by checking immigration and consequently competition, will give time for 
any new variety to be slowly improved; and this may sometimes be of importance in the 
production of new species. If, however, an isolated area be very small, either from being 
surrounded by barriers, or from having very peculiar physical conditions, the total number of 
the individuals supported on it will necessarily be very small; and fewness of individuals will 
greatly retard the production of new species through natural selection, by decreasing the 
chance of the appearance of favourable variations. 

If we tum to nature to test the truth of these remarks, and look at any small isolated area, 
such as an oceanic island, although the total number of the species inhabiting it, will be found 
to be small, as we shall see in our chapter on geographical distribution; yet of these species a 
very large proportion are endemic, —that is, have been produced there, and nowhere else. 
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Hence an oceanic island at first sight seems to have been highly favourable for the production 
of new species. But we miay thus greatly deceive ourselves, for to ascertain whether a small 
isolated area, or a large open area like a continent, has been most favourable for the production 
of new organic forms, we ought to make the comparison within equal times; and this we are 
incapable of doing. 

Although I do not doubt that isolation is of considerable importance in the production of 
new species, on the whole I am inclined to believe that largeness of area is of more 
importance, more especially in the production of species, which will prove capable of enduring 
for a long period, and of spreading widely. Throughout a great and open area, not only will 
there be a better chance of favourable variations arising from the large number of individuals 
of the same species there supported, but the conditions of life are infinitely complex from the 
large number of already existing species; and if some of these many species become modified 
and improved, others will have to be improved in a corresponding degree or they will be 
exterminated. Each new form, also, as soon as it has been much improved, will be able to 
spread over the open and continuous area, and will thus come into competition with many 
others. Hence more new places will be formed, and the competition to fill them will be more 
severe, on a large than on a small and isolated area’ Moreover, great areas, though now 
continuous, owing to oscillations of level, will often have recently existed in a broken 
condition, so that the good effects of isolation will generally. to a certain extent, have 
concurred. Finally, I conclude that, although small isolated areas probably have been in some 
respects highly favourable for the production of new species, yet that the course of 
modification will generally have been more rapid on large areas; and what is more important, 
that the new forms produced on large areas, which already have been victorious over many 
competitors, will be those that will spread most widely. will give rise to most new varieties and 
species, and will thus play an important part in the changing history of the organic world. 

We can, perhaps, on these views, understand some facts which will be again alluded to in 
our chapter on geographical distribution; for instance, that the productions of the smaller 
continent of Australia have formerly yielded, and apparently are now yielding, before those of 
the larger Europaeo-Asiatic area. Thus, also, it is that continental productions have 
everywhere become so largely naturalised on islands. On a small island, the race for life will 
have been less severe, and there will have been less modification and less extermination. 
Hence, perhaps, it comes that the flora of Madeira, according to Oswald Heer, resembles the 
extinct tertiary flora of Europe. All fresh-water basins, taken together, make a small area 
compared with that of the sea or of the land; and, consequently, the competition between 
fresh-water productions will have been less severe than elsewhere; new forms will have been 
more slowly formed, and old forms more slowly exterminated. And it is in fresh water that we 
find seven genera of Ganoid fishes, remnants of a once preponderant order: and in fresh water 
we find some of the most anomalous forms now known in the world, as the Omithorhynchus 
and Lepidosiren, which, like fossils, connect to a certain extent orders now widely separated in 
the natural scale. These anomalous forms may almost be called living fossils; they have 
endured to the present day, from having inhabited a confined area, and from having thus been 
exposed to less severe competition. 

To sum up the circumstances favourable and unfavourable to natural selection, as far as the 
extreme intricacy of the subject permits. I conclude, looking to the future, that for terrestrial 
productions a large continental area, which will probably undergo many oscillations of level, 
and which consequently will exist for long periods in a broken condition, will be the most 
favourable for the production of many new forms of life, likely to endure long and to spread 
widely. For the area will first have existed as a continent, and the inhabitants, at this period 
numerous in individuals and kinds, will have been subjected to very severe competition. 
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When converted by subsidence into large separate islands, there will still exist many 
individuals of the same species on each island: intercrossing on the confines of the range of 
each species will thus be checked: after physical changes of any kind, immigration will be 
prevented, so that new places in the polity of each island will have to be filled up by 
modifications of the old inhabitants; and time will be allowed for the varieties in each to 
become well modified and perfected. When, by renewed elevation, the islands shall be 
re-converted into a continental area, there will again be severe competition: the most favoured 
or improved varieties will be enabled to spread: there will be much extinction of the less 
improved forms, and the relative proportional numbers of the various inhabitants of the 
renewed continent will again be changed; and again there will be a fair field for natural 
selection to improve still further the inhabitants, and thus produce new species. 

That natural selection will always act with extreme slowness, I fully admit. Its action 
depends on there being places in the polity of nature, which can be better occupied by some of 
the inhabitants of the country undergoing modification of some kind. The existence of such 
places will often depend on physical changes, which are generally very slow, and on the 
immigration of better-adapted forms having been checked. But the action of natural selection 
will probably still oftener depend on some of the inhabitants becoming slowly modified; the 
mutual relations of many of the other inhabitants being thus disturbed. Nothing can be 
effected, unless favourable variations occur, and variation itself is apparently always a very 
slow process. The process will often be greatly retarded by free intercrossing. Many will 
exclaim that these several causes are amply sufficient wholly to stop the action of natural 
selection. I do not believe so. On the other hand, I do believe that natural selection will 
always act very slowly, often only at long intervals of time, and generally on only a very few 
of the inhabitants of the same region at the same time. I further believe, that this very slow, 
intermittent action of natural selection accords perfectly well with what geology tells us of the 
rate and manner at which the inhabitants of this world have changed. 

Slow though the process of selection may be, if feeble man can do much by his powers of 
artificial selection, I can see no limit to the amount of change, to the beauty and infinite 
complexity of the coadaptations between all organic beings, one with another and with their 
physical conditions of life, which may be effected in the long course of time by nature's power 
of selection. 


Extinction. — This subject will be more fully discussed in our chapter on Geology; but it 
must be here alluded to from being intimately connected with natural selection. Natural 
selection acts solely through the preservation of variations in some way advantageous, which 
consequently endure. But as from the high geometrical powers of increase of all organic 
beings, each area is already fully stocked with inhabitants, it follows that as each selected and 
favoured form increases in number, so will the less favoured forms decrease and become rare. 
Rarity, as geology tells us, is the precursor to extinction. We can, also, see that any form 
represented by few individuals will, during fluctuations in the seasons or in the number of its 
enemies, run a good chance of utter extinction. But we may go further than this; for as new 
forms are continually and slowly being produced, unless we believe that the number of specific 
forms goes on perpetually and almost indefinitely increasing, numbers inevitably must become 
extinct. That the number of specific forms has not indefinitely increased, geology shows us 
plainly; and indeed we can see reason why they should not have thus increased, for the number 
of places in the polity of nature is not indefinitely great, -not that we have any means of 
knowing that any one region has as yet got its maximum of species. Probably no region is as 
yet fully stocked, for at the Cape of Good Hope, where more species of plants are crowded 
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together than in any other quarter of the world, some foreign plants have become naturalised, 
without causing, as far as we know, the extinction of any natives. 

Furthermore, the species which are most numerous in individuals will have the best chance 
of producing within any given period favourable variations. We have evidence of this, in the 
facts given in the second chapter, showing that it is the common species, which afford the 
greatest number of recorded varieties, or incipient species. Hence, rare species will be less 
quickly modified or improved within any given period, and they will consequently be beaten in 
the race for life by the modified descendants of the commoner species. 

From these several considerations I think it inevitably follows, that as new species in the 
course of time are formed through natural selection, others will become rarer and rarer, and 
finally extinct. The forms which stand in closest competition with those undergoing 
modification and improvement, will naturally suffer most. And we have seen in the chapter on 
the Struggle for Existence that it is the most closely-allied forms, —varieties of the same 
species, and species of the same genus or of related genera, -which, from having nearly the 
same structure, constitution, and habits, generally come into the severest competition with each 
other. Consequently, each new variety or species, during the progress of its formation, will 
generally press hardest on its nearest kindred, and tend to exterminate them. We see the same 
process of extermination amongst our domesticated productions, through the selection of 
improved forms by man. Many curious instances could be given showing how quickly new 
breeds of cattle, sheep, and other animals, and varieties of flowers, take the place of older and 
inferior kinds. In Yorkshire, it is historically known that the ancient black cattle were 
displaced by the long-horns, and that these 'were swept away by the short-horns’ (I quote the 
words of an agricultural wniter) ‘as if by some murderous pestilence.’ 


Divergence of Character. — The principle, which I have designated by this term, is of high 
importance on my theory, and explains, as I believe, several important facts. In the first place, 
varieties, even strongly-marked ones, though having somewhat of the character of species—as 
is shown by the hopeless doubts in many cases how to rank them—yet certainly differ from 
each other far less than do good and distinct species. Nevertheless, according to my view, 
varieties are species in the process of formation, or are, as I have called them, incipient species. 
How, then, does the lesser difference between varieties become augmented into the greater 
difference between species? That this does habitually happen, we must infer from most of the 
innumerable species throughout nature presenting well-marked differences; whereas varieties, 
the supposed prototypes and parents of future well-marked species, present slight and 
ill-defined differences. Mere chance, as we may call it, might cause one variety to differ in 
some character from its parents, and the offspring of this variety again to differ from its parent 
in the very same character and in a greater degree; but this alone would never account for so 
habitual and large an amount of difference as that between varieties of the same species and 
species of the same genus. 

As has always been my practice, let us seek light on this head from our domestic 
productions. We shall here find something analogous. A fancier is struck by a pigeon having 
a slightly shorter beak; another fancier is struck by a pigeon having a rather longer beak; and 
on the acknowledged principle that ‘fanciers do not and will not admire a medium standard, but 
like extremes,’ they both go on (as has actually occurred with tumbler-pigeons) choosing and 
breeding from birds with longer and longer beaks, or with shorter and shorter beaks. Again, 
we may suppose that at an early period one man preferred swifter horses; another stronger and 
more bulky horses. The early differences would be very slight; in the course of time, from the 
continued selection of swifter horses by some breeders, and of stronger ones by others, the 
differences would become greater, and would be noted as forming two sub-breeds; finally, 
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after the lapse of centuries, the sub-breeds would become converted into two well-established 
and distinct breeds. As the differences slowly become greater, the inferior animals with 
intermediate characters, being neither very swift nor very strong, will have been neglected, and 
will have tended to disappear. Here, then, we see in man's productions the action of what may 
be called the principle of divergence, causing differences, at first barely appreciable, steadily to 
increase, and the breeds to diverge in character both from each other and from their common 
parent. 

But how, it may be asked, can any analogous principle apply in nature? I believe it can and 
does apply most efficiently, from the simple circumstance that the more diversified the 
descendants from any one species become in structure, constitution, and habits, by so much 
will they be better enabled to seize on many and widely diversified places in the polity of 
nature, and so be enabled to increase in numbers. 

We can clearly see this in the case of animals with simple habits. Take the case of a 
camivorous quadruped, of which the number that can be supported in any country has long ago 
arrived at its full average. If its natural powers of increase be allowed to act, it can succeed in 
increasing (the country not undergoing any change in its conditions) only by its varying 
descendants seizing on places at present occupied by other animals: some of them, for 
instance, being enabled to feed on new kinds of prey, either dead or alive; some inhabiting new 
stations, climbing trees, frequenting water, and some perhaps becoming less carnivorous. The 
more diversified in habits and structure the descendants of our carnivorous animal became, the 
more places they would be enabled to occupy. What applies to one animal will apply 
throughout all time to all animals-that is, if they vary—for otherwise natural selection can do 
nothing. So it will be with plants. It has been experimentally proved, that if a plot of ground 
be sown with several distinct genera of grasses, a greater number of plants and a greater weight 
of dry herbage can thus be raised. The same has been found to hold good when first one 
variety and then several mixed varieties of wheat have been sown on equal spaces of ground. 
Hence, if any one species of grass were to go on varying, and those varieties were continually 
selected which differed from each other in at all the same manner as distinct species and 
genera of grasses differ from each other, a greater number of individual plants of this species 
of grass, including its modified descendants, would succeed in living on the same piece of 
ground. And we well know that each species and each variety of grass is annually sowing 
almost countless seeds; and thus, as it may be said, is striving its utmost to increase its 
numbers. Consequently, I cannot doubt that in the course of many thousands of generations, 
the most distinct varieties of any one species of grass would always have the best chance of 
succeeding and of increasing in numbers, and thus of supplanting the less distinct varieties; 
and varieties, when rendered very distinct from each other, take the rank of species. 

The truth of the principle, that the greatest amount of life can be supported by great 
diversification of structure, is seen under many natural circumstances. In an extremely sinall 
area, especially if freely open to immigration, and where the contest between individual and 
individual must be severe, we always find great diversity in its inhabitants. For instance, I 
found that a piece of turf, three feet by four in size, which had been exposed for many years to 
exactly the same conditions, supported twenty species of plants, and these belonged to 
eighteen genera and to eight orders, which shows how much these plants differed from each 
other. So it is with the plants and insects on small and uniform islets; and so in small ponds of 
fresh water. Farmers find that they can raise most food by a rotation of plants belonging to the 
most different orders: nature follows what may be called a simultaneous rotation. Most of the 
animals and plants which live close round any small piece of ground, could live on it 
(supposing it not to be in any way peculiar in its nature), and may be said to be striving to the 
utmost to live there; but, it is seen, that where they come into the closest competition with each 
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other, the advantages of diversification of structure, with the accompanying differences of 
habit and constitution, determine that the inhabitants, which thus jostle each other most 
Closely, shall, as a general rule, belong to what we call different genera and orders. 

The same principle is seen in the naturalisation of plants through man’s agency in foreign 
lands. It might have been expected that the plants which have succeeded in becoming 
naturalised in any land would generally have been closely allied to the indigenes; for these are 
commonly looked at as specially created and adapted for their own country. It might, also, 
perhaps have been expected that naturalised plants would have belonged to a few groups more 
especially adapted to certain stations in their new homes. But the case is very different; and 
Alph. De Candolle has well remarked in his great and admirable work, that floras gain by 
naturalisation, proportionally with the number of the native genera and species, far more in 
new genera than in new species. To give a single instance: in the last edition of Dr. Asa 
Gray's 'Manual of the Flora of the Northern United States,' 260 naturalised plants are 
enumerated, and these belong to 162 genera. We thus see that these naturalised plants are of a 
highly diversified nature. They differ, moreover, to a large extent from the indigenes, for out 
of the 162 genera, no less than 100 genera are not there indigenous, and thus a large 
proportional addition is made to the genera of these States. 

By considering the nature of the plants or animals which have struggled successfully with 
the indigenes of any country, and have there become naturalised, we can gain some crude idea 
in what manner some of the natives would have had to be modified, in order to have gained an 
advantage over the other natives; and we may, I think, at least safely infer that diversification 
of structure, amounting to new generic differences, would have been profitable to them. 

The advantage of diversification in the inhabitants of the same region is, in fact, the same 
as that of the physiological division of labour in the organs of the same individual body—a 
subject so well elucidated by Milne Edwards. No physiologist doubts that a stomach by being 
adapted to digest vegetable matter alone, or flesh alone, draws most nutriment from these 
substances. So in the general economy of any land, the more widely and perfectly the animals 
and plants are diversified for different habits of life, so will a greater number of individuals be 
capable of there supporting themselves. A set of animals, with their organisation but little 
diversified, could hardly compete with a set more perfectly diversified in structure. It may be 
doubted, for instance, whether the Australian marsupials, which are divided into groups 
differing but little from each other, and feebly representing, as Mr. Waterhouse and others 
have remarked, our carnivorous, ruminant, and rodent mammals, could successfully compete 
with these well-pronounced orders. In the Australian mammals, we see the process of 
diversification in an early and incomplete stage of development. 

After the foregoing discussion, which ought to have been much amplified, we may, I think, 
assume that the modified descendants of any one species will succeed by so much the better as 
they become more diversified in structure, and are thus enabled to encroach on places occupied 
by other beings. Now let us see how this principle of great benefit being derived from 
divergence of character, combined with the principles of natural selection and of extinction, 
will tend to act. 

The accompanying diagram will aid us in understanding this rather perplexing subject. Let 
A to L represent the species of a genus large in its own country; these species are supposed to 
resemble each other in unequal degrees, as is so generally the case in nature, and as is 
represented in the diagram by the letters standing at unequal distances. I have said a large 
genus, because we have seen in the second chapter, that on an average more of the species of 
large genera vary than of small genera; and the varying species of the large genera present a 
greater number of varieties. We have, also, seen that the species, which are the commonest 
and the most widely-diffused, vary more than rare species with restricted ranges. Let (A) be a 
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common, widely-diffused, and varying species, belonging to a genus large in its own country. 
The little fan of diverging dotted lines of unequal lengths proceeding from (A), may represent 
its varying offspring. The variations are supposed to be extremely slight, but of the most 
diversified nature; they are not supposed all to appear simultaneously, but often after long 
intervals of time; nor are they all supposed to endure for equal periods. Only those variations 
which are in some way profitable will be preserved or naturally selected. And here the 
importance of the principle of benefit being derived from divergence of character comes in; for 
this will generally lead to the most different or divergent variations (represented by the outer 
dotted lines) being preserved and accumulated by natural selection. When a dotted line 
reaches one of the horizontal lines, and is there marked by a small numbered letter, a sufficient 
amount of variation is supposed to have been accumulated to have formed a fairly well-marked 
variety, such as would be thought worthy of record in a systematic work. 

The intervals between the horizontal lines in the diagram, may represent each a thousand 
generations; but it would have been better if each had represented ten thousand generations. 
After a thousand generations, species (A) is supposed to have produced two fairly well-marked 
varieties, namely al and m1. These two varieties will generally continue to be exposed to the 
same conditions which made their parents variable, and the tendency to variability is in itself 
hereditary, consequently they will tend to vary, and generally to vary in nearly the same 
manner as their parents varied. Moreover, these two varieties, being only slightly modified 
forms, will tend to inherit those advantages which made their common parent (A) more 
numerous than most of the other inhabitants of the same country; they will likewise partake of 
those more general advantages which made the genus to which the parent-species belonged, a 
large genus in its own country. And these circumstances we know to be favourable to the 
production of new varieties. 

If, then, these two varieties be variable, the most divergent of their variations will generally 
be preserved during the next thousand generations. And after this interval, variety al is 
supposed in the diagram to have produced variety a2, which will, owing to the principle of 
divergence, differ more from (A) than did variety al. Variety m1 is supposed to have 
produced two varieties, namely m2 and s2, differing from each other, and more considerably 
from their common parent (A). We may continue the process by similar steps for any length of 
time, some of the varieties, after each thousand generations, producing only a single variety, 
but in a more and more modified condition, some producing two or three varieties, and some 
failing to produce any. Thus the varieties or modified descendants, proceeding from the 
common parent (A), will generally go on increasing in number and diverging in character. In 
the diagram the process is represented up to the ten-thousandth generation, and under a 
condensed and simplified form up to the fourteen-thousandth generation. 

But I must here remark that I do not suppose that the process ever goes on so regularly as is 
represented in the diagram, though in itself made somewhat irregular. I am far from thinking 
that the most divergent varieties will invariably prevail and multiply: a medium form may 
often long endure, and may or may not produce more than one modified descendant; for 
natural selection will always act according to the nature of the places which are either 
unoccupied or not perfectly occupied by other beings; and this will depend on infinitely 
complex relations. But as a general mule, the more diversified in structure the descendants 
from any one species can be rendered, the more places they will be enabled to seize on, and the 
more their modified progeny will be increased. In our diagram the line of succession is broken 
at regular intervals by small numbered letters marking the successive forms which have 
become sufficiently distinct to be recorded as varieties. But these breaks are imaginary, and 
might have been inserted anywhere, after intervals long enough to have allowed the 
accumulation of a considerable amount of divergent variation. 
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As all the modified descendants from a common and widely-diffused species, belonging to 
a large genus, will tend to partake of the same advantages which made their parent successful 
in life, they will generally go on multiplying in number as well as diverging in character: this 
is represented in the diagram by the several divergent branches proceeding from (A). The 
modified offspring from the later and more highly improved branches in the lines of descent, 
will, it is probable, often take the place of, and so destroy, the earlier and less improved 
branches: this is represented in the diagram by some of the lower branches not reaching to the 
upper horizontal lines. In some cases I do not doubt that the process of modification will be 
confined to a single line of descent, and the number of the descendants will not be increased; 
although the amount of divergent modification may have been increased in the successive 
generations. This case would be represented in the diagram, if all the lines proceeding from 
(A) were removed, excepting that from al to al0. In the same way, for instance, the English 
race-horse and English pointer have apparently both gone on slowly diverging in character 
from their original stocks, without either having given off any fresh branches or races. 

After ten thousand generations, species (A) is supposed to have produced three forms, a10, 
f10, and m10, which, from having diverged in character during the successive generations, will 
have come to differ largely, but perhaps unequally, from each other and from their common 
parent. If we suppose the amount of change between each horizontal line in our diagram to be 
excessively small, these three forms may still be only well-marked varieties; or they may have 
arrived at the doubtful category of sub-species; but we have only to suppose the steps in the 
process of modification to be more numerous or greater in amount, to convert these three forms 
into well-defined species: thus the diagram illustrates the steps by which the small differences 
distinguishing varieties are increased into the larger differences distinguishing species. By 
continuing the same process for a greater number of generations (as shown in the diagram in a 
condensed and simplified manner), we get eight species, marked by the letters between al4 and 
m14, all descended from (A). Thus, as I believe, species are multiplied and genera are formed. 

In a large genus it is probable that more than one species would vary. In the diagram I have 
assumed that a second species (I) has produced, by analogous steps, after ten thousand 
generations, either two well-marked varieties (w10 and z10) or two species, according to the 
amount of change supposed to be represented between the horizontal lines. After fourteen 
thousand generations, six new species, marked by the letters nl4 to z14, are supposed to have 
been produced. In each genus, the species, which are already extremely different in character, 
will generally tend to produce the greatest number of modified descendants; for these will have 
the best chance of filling new and widely different places in the polity of nature: hence in the 
diagram I have chosen the extreme species (A), and the nearly extreme species (1), as those 
which have largely varied, and have given rise to new varieties and species. The other nine 
species (marked by capital letters) of our original genus, may for a long period continue 
transmitting unaltered descendants; and this is shown in the diagram by the dotted lines not 
prolonged far upwards from want of space. 

But during the process of modification, represented in the diagram, another of our 
principles, namely that of extinction, will have played an important part. As in each fully 
stocked country natural selection necessarily acts by the selected form having some advantage 
in the struggle for life over other forms, there will be a constant tendency in the improved 
descendants of any one species to supplant and exterminate in each stage of descent their 
predecessors and their original parent. For it should be remembered that the competition will 
generally be most severe between those forms which are most nearly related to each other in 
habits, constitution, and structure. Hence all the intermediate forms between the earlier and 
later states, that is between the less and more improved state of a species, as well as the 
original parent-species itself, will generally tend to become extinct. So it probably will be with 


96 


Part II: Origin of Species . . . 


many whole collateral lines of descent, which will be conquered by later and improved lines of 
descent. If, however, the modified offspring of a species get into some distinct country, or 
become quickly adapted to some quite new station, in which child and parent do not come into 
competition, both may continue to exist. 

If then our diagram be assumed to represent a considerable amount of modification, species 
(A) and all the earlier varieties will have become extinct, having been replaced by eight new 
species (al4 to m14); and (1) will have been replaced by six (n14 to z14) new species. 

But we may go further than this. The original species of our genus were supposed to 
resemble each other in unequal degrees, as is so generally the case in nature; species (A) being 
more nearly related to B, C, and D, than to the other species; and species (I) more to G, H, K, 
L, than to the others. These two species (A) and (I), were also supposed to be very common 
and widely diffused species, so that they must originally have had some advantage over most 
of the other species of the genus. Their modified descendants, fourteen in number at the 
fourteen-thousandth generation, will probably have inherited some of the same advantages: 
they have also been modified and improved in a diversified manner at each stage of descent, so 
as to have become adapted to many related places in the natural economy of their country. It 
seems, therefore, to me extremely probable that they will have taken the places of, and thus 
exterminated, not only their parents (A) and (I), but likewise some of the original species 
which were most nearly related to their parents. Hence very few of the original species will 
have transmitted offspring to the fourteen-thousandth generation. We may suppose that only 
one (F), of the two species which were least closely related to the other nine original species, 
has transmitted descendants to this late stage of descent. 

The new species in our diagram descended from the original eleven species, will now be 
fifteen in number. Owing to the divergent tendency of natural selection, the extreme amount of 
difference in character between species al4 and z14 will be much greater than that between the 
most different of the original eleven species. The new species, moreover, will be allied to each 
other in a widely different manner. Of the eight descendants from (A) the three marked al4, 
ql4, p14, will be nearly related from having recently branched off from a10; b14 and f14, from 
having diverged at an earlier period from a5, will be in some degree distinct from the three 
first-named species; and lastly, 014, e14, and m14, will be nearly related one to the other, but 
from having diverged at the first commencement of the process of modification, will be widely 
different from the other five species, and may constitute a sub-genus or even a distinct genus. 

The six descendants from (1) will form two sub-genera or even genera. But as the original 
species (I) differed largely from (A), standing nearly at the extreme points of the original 
genus, the six descendants from (I) will, owing to inheritance, differ considerably from the 
eight descendants from (A); the two groups, moreover, are supposed to have gone on diverging 
in different directions. The intermediate species, also (and this is a very important 
consideration), which connected the original species (A) and (I), have all become, excepting 
(F), extinct, and have left no descendants. Hence the six new species descended from (1), and 
the eight descended from (A), will have to be ranked as very distinct genera, or even as 
distinct sub-families. 

Thus it is, as I believe, that two or more genera are produced by descent, with modification, 
from two or more species of the same genus. And the two or more parent-species are supposed 
to have descended from some one species of an earlier genus. In our diagram, this is indicated 
by the broken lines, beneath the capital letters, converging in sub-branches downwards towards 
a single point; this point representing a single species, the supposed single parent of our several 
new sub-genera and genera. 

It is worthwhile to reflect for a moment on the character of the new species F14, which is 
supposed not to have diverged much in character, but to have retained the form of (F), either 
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unaltered or altered only in a slight degree. In this case, its affinities to the other fourteen new 
species will be of a curious and circuitous nature. Having descended from a form which stood 
between the two parent-species (A) and (I), now supposed to be extinct and unknown, it will be 
in some degree intermediate in character between the two groups descended from these 
species. But as these two groups have gone on diverging in character from the type of their 
parents, the new species (F14) will not be directly intermediate between them, but rather 
between types of the two groups; and every naturalist will be able to bring some such case 
before his mind. 

In the diagram, each horizontal line has hitherto been supposed to represent a thousand 
generations, but each may represent a million or hundred million generations, and likewise a 
section of the successive strata of the earth's crust including extinct remains. We shall, when 
we come to our chapter on Geology, have to refer again to this subject, and I think we shall 
then see that the diagram throws light on the affinities of extinct beings, which, though 
generally belonging to the same orders, or families, or genera, with those now living, yet are 
often, in some degree, intermediate in character between existing groups; and we can 
understand this fact, for the extinct species lived at very ancient epochs when the branching 
lines of descent had diverged less. 

I see no reason to limit the process of modification, as now explained, to the formation of 
genera alone. If, in our diagram, we suppose the amount of change represented by each 
successive group of diverging dotted lines to be very great, the forms marked al14 to p14, those 
marked b14 and f14, and those marked 014 to m14, will form three very distinct genera. We 
shall also have two very distinct genera descended from (1) and as these latter two genera, both 
from continued divergence of character and from inheritance from a different parent, will differ 
widely from the three genera descended from (A), the two little groups of genera will form two 
distinct families, or even orders, according to the amount of divergent modification supposed 
to be represented in the diagram. And the two new families, or orders, will have descended 
from two species of the original genus; and these two species are supposed to have descended 
from one species of a still more ancient and unknown genus. 

We have seen that in each country it is the species of the larger genera which oftenest 
present varieties or incipient species. This, indeed, might have been expected; for as natural 
selection acts through one form having some advantage over other forms in the struggle for 
existence, it will chiefly act on those which already have some advantage; and the largeness of 
any group shows that its species have inherited from a common ancestor some advantage in 
common. Hence, the struggle for the production of new and modified descendants will mainly 
lie between the larger groups, which are all trying to increase in number. One large group will 
slowly conquer another large group, reduce its numbers, and thus lessen its chance of further 
variation and improvement. Within the same large group, the later and more highly perfected 
sub-groups, from branching out and seizing on many new places in the polity of Nature, will 
constantly tend to supplant and destroy the earlier and less improved sub-groups. Small and 
broken groups and sub-groups will finally tend to disappear. Looking to the future, we can 
predict that the groups of organic beings which are now large and triumphant, and which are 
least broken up, that is, which as yet have suffered least extinction, will for a long period 
continue to increase. But which groups will ultimately prevail. no man can predict: for we well 
know that many groups, formerly most extensively developed, have now become extinct. 
Looking still more remotely to the future, we may predict that, owing to the continued and 
steady increase of the larger groups, a multitude of smaller groups will become utterly extinct, 
and leave no modified descendants; and consequently that of the species living at any one 
period, extremely few will transmit descendants to a remote futurity. I shall have to return to 
this subject in the chapter on Classification, but I may add that on this view of extremely few 
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of the more ancient species having transmitted descendants, and on the view of all the 
descendants of the same species making a class, we can understand how it is that there exist 
but very few classes in each main division of the animal and vegetable kingdoms. Although 
extremely few of the most ancient species may now have living and modified descendants, yet 
at the most remote geological period. the earth may have been as well peopled with many 
species of many genera, families, orders, and classes, as at the present day. 

Summary of Chapter — If during the long course of ages and under varying conditions of 
life, organic beings vary at all in the several parts of their organisation, and J think this cannot 
be disputed; if there be, owing to the high geometrical powers of increase of each species, at 
some age, season, Or year, a severe struggle for life, and this certainly cannot be disputed; then, 
considering the infinite complexity of the relations of all organic beings to each other and to 
their conditions of existence, causing an infinite diversity in structure, constitution, and habits, 
to be advantageous to them, I think it would be a most extraordinary fact if no variation ever 
had occurred useful to each being's own welfare, in the same way as sO many variations have 
occurred useful to man. But if variations useful to any organic being do occur, assuredly 
individuals thus characterised will have the best chance of being preserved in the struggle for 
life; and from the strong principle of inheritance they will tend to produce offspring similarly 
characterised. This principle of preservation, I have called, for the sake of brevity, Natural 
Selection. Natural selection, on the principle of qualities being inherited at corresponding 
ages, can modify the egg. seed, or young, as easily as the adult. Amongst many animals, 
sexual selection will give its aid to ordinary selection, by assuring to the most vigorous and 
best-adapted males the greatest number of offspring. Sexual selection will also give characters 
useful to the males alone, in their struggles with other males. 

Whether natural selection has really thus acted in nature, in modifying and adapting the 
various forms of life to their several conditions and stations, must be judged of by the general 
tenour and balance of evidence given in the following chapters. But we already see how it 
entails extinction; and how largely extinction has acted in the world's history, geology plainly 
declares. Natural selection, also, leads to divergence of character, for more living beings can 
be supported on the same area the more they diverge in structure, habits, and constitution, of 
which we see proof by looking at the inhabitants of any small spot or at naturalised 
productions. Therefore during the modification of the descendants of any one species, and 
during the incessant struggle of all species to increase in numbers, the more diversified these 
descendants become, the better will be their chance of succeeding in the battle of life. Thus the 
small differences distinguishing varieties of the same species, will steadily tend to increase till 
they come to equal the greater differences between species of the same genus, or even of 
distinct genera. 

We have seen that it is the common, the widely-diffused, and widely-ranging species, 
belonging to the larger genera, which vary most; and these will tend to transmit to their 
modified offspring that superiority which now makes them dominant in their own countries. 
Natural selection, as has just been remarked, leads to divergence of character and to much 
extinction of the less improved and intermediate forms of life. On these principles, I believe, 
the nature of the affinities of all organic beings may be explained. It is a truly wonderful fact— 
the wonder of which we are apt to overlook from familianty—that all animals and all plants 
throughout all time and space should be related to each other in group subordinate to group, in 
the manner which we everywhere behold—namely, varieties of the same species most closely 
related together, species of the same genus less closely and unequally related together, forming 
sections and sub-genera, species of distinct genera much less closely related, and genera related 
in different degrees, forming sub-families, families, orders, sub-classes, and classes. The 
several subordinate groups in any class cannot be ranked in a single file, but seem rather to be 
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clustered round points, and these round other points, and so on in almost endless cycles. On 
the view that each species has been independently created, I can see no explanation of this 
great fact in the classification of all organic beings; but, to the best of my judgment, it is 
explained through inheritance and the complex action of natural selection, entailing extinction 
and divergence of character, as we have seen illustrated in the diagram. 

The affinities of all the beings of the same class have sometimes been represented by a 
great tree. I believe this simile largely speaks the truth. The green and budding twigs may 
represent existing species; and those produced during each former year may represent the long 
succession of extinct species. At each period of growth all the growing twigs have tried to 
branch out on all sides, and to overtop and kill the surrounding twigs and branches, in the same 
manner as species and groups of species have tried to overmaster other species in the great 
battle for life. The limbs divided into great branches, and these into lesser and lesser branches, 
were themselves once, when the tree was small, budding twigs; and this connexion of the 
former and present buds by ramifying branches may well represent the classification of all 
extinct and living species in groups subordinate to groups. Of the many twigs which flourished 
when the tree was a mere bush, only two or three, now grown into great branches, yet survive 
and bear all the other branches; so with the species which lived during long-past geological 
periods, very few now have living and modified descendants. From the first growth of the tree, 
many a limb and branch has decayed and dropped off; and these lost branches of various sizes 
may represent those whole orders, families, and genera which have now no living 
representatives, and which are known to us only from having been found in a fossil state. As 
we here and there see a thin straggling branch springing from a fork low down in a tree, and 
which by some chance has been favoured and is still alive on its summit, so we occasionally 
see an animal like the Ornithorhynchus or Lepidosiren, which in some small degree connects 
by its affinities two large branches of life, and which has apparently been saved from fatal 
competition by having inhabited a protected station. As buds give rise by growth to fresh buds, 
and these, if vigorous, branch out and overtop on all sides many a feebler branch, so by 
generation I believe it has been with the great Tree of Life, which fills with its dead and broken 


branches the crust of the earth, and covers the surface with its ever branching and beautiful 
ramifications. 


Chapter XIV 
Recapitulation and Conclusion 


Recapitulation of the difficulties on the theory of Natural Selection — Recapitulation of 
the general and special circumstances in its favour — Causes of the general belief in the 
immutability of species — How far the theory of natural selection may be extended — Effects 
of its adoption on the study of Natural history - Concluding remarks. 

As this whole volume is one long argument, it may be convenient to the reader to have the 
leading facts and inferences briefly recapitulated. 

That many and grave objections may be advanced against the theory of descent with 
modification through natural selection, I do not deny. I have endeavoured to give to them their 
full force. Nothing at first can appear more difficult to believe than that the more complex 
organs and instincts should have been perfected, not by means superior to, though analogous 
with, human reason, but by the accumulation of innumerable slight variations, each good for 
the individual possessor. Nevertheless, this difficulty, though appearing to our imagination 
insuperably great, cannot be considered real if we admit the following propositions, namely, — 
that gradations in the perfection of any organ or instinct, which we may consider, either do 
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now exist or could have existed, each good of its kind, -that all organs and instincts are, in ever 
so slight a degree, variable. ~and, lastly, that there is a struggle for existence leading to the 
preservation of each profitable deviation of structure or instinct. The truth of these propositions 
cannot, I think, be disputed. 

It is, no doubt, extremely difficult even to conjecture by what gradations many structures 
have been perfected, more especially amongst broken and failing groups of organic beings; but 
we see SO Many strange gradations in nature. as is proclaimed by the canon, "Natura non facit 
saltum,' that we ought to be extremely cautious in saying that any organ or instinct, or any 
whole being, could not have arrived at its present state by many graduated steps. There are, it 
must be admitted, cases of special difficulty on the theory of natural selection: and one of the 
most curious of these is the existence of two or three defined castes of workers or sterile 
females in the same community of ants: but I have attempted to show how this difficulty can be 
mastered. 

With respect to the almost universal sterility of species when first crossed, which forms so 
remarkable a contrast with the almost universal fertility of varieties when crossed, I must refer 
the reader to the recapitulation of the facts given at the end of the eighth chapter, which seem 
to me conclusively to show that this sterility is no more a special endowment than is the 
incapacity of two trees to be grafted together, but that it is incidental on constitutional 
differences in the reproductive systems of the intercrossed species. We see the truth of this 
conclusion in the vast difference in the result, when the same two species are crossed 
reciprocally; that is, when one species is first used as the father and then as the mother. 

The fertility of varieties when intercrossed and of their mongrel offspring cannot be 
considered as universal; nor is their very general fertility surprising when we remember that it 
is not likely that either their constitutions or their reproductive systems should have been 
profoundly modified. Moreover, most of the varieties which have been experimentised on 
have been produced under domestication; and as domestication apparently tends to eliminate 
sterility, we ought not to expect it also to produce sterility. 

The sterility of hybrids is a very different case from that of first crosses, for their 
reproductive organs are more or less functionally impotent; whereas in first crosses the organs 
on both sides are in a perfect condition. As we continually see that organisms of all kinds are 
rendered in some degree sterile from their constitutions having been disturbed by slightly 
different and new conditions of life, we need not feel surprise at hybrids being in some degree 
sterile, for their constitutions can hardly fail to have been disturbed from being compounded of 
two distinct organisations. This parallelism is supported by another parallel, but directly 
opposite, class of facts; namely, that the vigour and fertility of all organic beings are increased 
by slight changes in their conditions of life, and that the offspring of slightly modified forms or 
varieties acquire from being crossed increased vigour and fertility. So that, on the one hand, 
considerable changes in the conditions of life and crosses between greatly modified forms, 
lessen fertility; and on the other hand, lesser changes in the conditions of life and crosses 
between less modified forms, increase fertility. 

Turning to geographical distribution, the difficulties encountered on the theory of descent 
with modification are grave enough. All the individuals of the same species, and all the 
species of the same genus, or even higher group, must have descended from common parents: 
and therefore, in however distant and isolated parts of the world they are now found, they must 
in the course of successive generations have passed from some one part to the others. We are 
often wholly unable even to conjecture how this could have been affected. Yet, as we have 
reason to believe that some species have retained the same specific form for very long periods, 
enormously long as measured by years, too much stress ought not to be laid on the occasional 
wide diffusion of the same species; for during very long periods of time there will always be a 
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good chance for wide migration by many means. A broken or interrupted range may often be 
accounted for by the extinction of the species in the intermediate regions. It cannot be denied 
that we are as yet very ignorant of the full extent of the various climatal and geographical 
changes which have affected the earth during modern periods; and such changes will obviously 
have greatly facilitated migration. As an example, I have attempted to show how potent has 
been the influence of the Glacial period on the distribution both of the same and of 
representative species throughout the world. We are as yet profoundly ignorant of the many 
occasional means of transport. With respect to distinct species of the same genus inhabiting 
very distant and isolated regions, as the process of modification has necessarily been slow, all 
the means of migration will have been possible during a very long period; and consequently the 
difficulty of the wide diffusion of species of the same genus is in some degree lessened. 

As on the theory of natural selection an interminable number of intermediate forms must 
have existed, linking together all the species in each group by gradations as fine as our present 
varieties, it may be asked, Why do we not see these linking forms all around us? Why are not 
all organic beings blended together in an inextricable chaos? With respect to existing forms, 
we should remember that we have no right to expect (excepting in rare cases) to discover 
directly connecting links between them, but only between each and some extinct and 
supplanted form. Even on a wide area, which has during a long period remained continuous, 
and of which the climate and other conditions of life change insensibly in going from a district 
occupied by one species into another district occupied by a closely allied species, we have no 
just right to expect often to find intermediate varieties in the intermediate zone. For we have 
reason to believe that only a few species are undergoing change at any one period; and all 
changes are slowly effected. I have also shown that the intermediate varieties which will at 
first probably exist in the intermediate zones, will be liable to be supplanted by the allied forms 
on either hand; and the latter, from existing in greater numbers, will generally be modified and 
improved at a quicker rate than the intermediate varieties, which exist in lesser numbers; so 
that the intermediate varieties will, in the long run, be supplanted and exterminated. 

On this doctrine of the extermination of an infinitude of connecting links, between the 
living and extinct inhabitants of the world, and at each successive period between the extinct 
and still older species, why is not every geological formation charged with such links? Why 
does not every collection of fossil remains afford plain evidence of the gradation and mutation 
of the forms of life? We meet with no such evidence, and this is the most obvious and forcible 
of the many objections which may be urged against my theory. Why, again, do whole groups 
of allied species appear, though certainly they often falsely appear, to have come in suddenly 
on the several geological stages? Why do we not find great piles of strata beneath the Silurian 
system, stored with the remains of the progenitors of the Silurian groups of fossils? For 
certainly on my theory such strata must somewhere have been deposited at these ancient and 
utterly unknown epochs in the world's history. 

I can answer these questions and grave objections only on the supposition that the 
geological record is far more imperfect than most geologists believe. It cannot be objected that 
there has not been time sufficient for any amount of organic change; for the lapse of time has 
been so great as to be utterly inappreciable by the human intellect. The number of specimens 
in all our museums is absolutely as nothing compared with the countless generations of 
countless species which certainly have existed. We should not be able to recognise a species as 
the parent of any one or more species if we were to examine them ever so closely, unless we 
likewise possessed many of the intermediate links between their past or parent and present 
states; and these many links we could hardly ever expect to discover, owing to the imperfection 
of the geological record. Numerous existing doubtful forms could be named which are 
probably varieties; but who will pretend that in future ages so many fossil links will be 
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discovered, that naturalists will be able to decide, on the common view, whether or not these 
doubtful forms are varieties? As long as most of the links between any two species are 
unknown, if any one link or intermediate variety be discovered, it will simply be classed as 
another and distinct species. Only a small portion of the world has been geologically 
explored. Only organic beings of certain classes can be preserved in a fossil condition, at least 
in any great number. Widely ranging species vary most, and varieties are often at first local, - 
both causes rendering the discovery of intermediate links less likely. Local varieties will not 
spread into other and distant regions until they are considerably modified and improved; and 
when they do spread, if discovered in a geological formation, they will appear as if suddenly 
created there, and will be simply classed as new species. Most formations have been 
intermittent in their accumulation; and their duration, I am inclined to believe, has been shorter 
than the average duration of specific forms. Successive formations are separated from each 
other by enormous blank intervals of time; for fossiliferous formations, thick enough to resist 
future degradation, can be accumulated only where much sediment is deposited on the 
subsiding bed of the sea. During the alternate periods of elevation and of stationary level the 
record will be blank. During these latter periods there will probably be more variability in the 
forms of life: during periods of subsidence, more extinction. 

With respect to the absence of fossiliferous formations beneath the lowest Silurian strata, I 
can only recur to the hypothesis given in the ninth chapter. That the geological record is 
imperfect all will admit; but that it is imperfect to the degree which I require, few will be 
inclined to admit. If we look to long enough intervals of time, geology plainly declares that all 
species have changed; and they have changed in the manner which my theory requires, for they 
have changed slowly and in a graduated manner. We clearly see this in the fossil remains from 
consecutive formations invariably being much more closely related to each other, than are the 
fossils from formations distant from each other in time. 

Such is the sum of the several chief objections and difficulties which may justly be urged 
against my theory; and I have now briefly recapitulated the answers and explanations which 
can be given to them. I have felt these difficulties far too heavily during many years to doubt 
their weight. But it deserves especial notice that the more important objections relate to 
questions on which we are not confessedly ignorant; nor do we know how ignorant we are. 
We do not know all the possible transitional gradations between the simplest and the most 
perfect organs; it cannot be pretended that we know all the varied means of Distribution during 
the long lapse of years, or that we know how imperfect the Geological Record is. Grave as 
these several difficulties are, in my judgment they do not overthrow the theory of descent with 
modification. 

Now let us turn to the other side of the argument. Under domestication we see much 
variability. This seems to be mainly due to the reproductive system being eminently 
susceptible to changes in the conditions of life; so that this system, when not rendered 
impotent, fails to reproduce offspring exactly like the parent-form. Variability is governed by 
many complex laws, —by correlation of growth, by use and disuse, and by the direct action of 
the physical conditions of life. There is much difficulty in ascertaining how much modification 
our domestic productions have undergone; but we may safely infer that the amount has been 
large, and that modifications can be inherited for long periods. As long as the conditions of life 
remain the same, we have reason to believe that a modification, which has already been 
inherited for many generations, may continue to be inherited for an almost infinite number of 
generations. On the other hand we have evidence that variability, when it has once come into 
play, does not wholly cease; for new varieties are still occasionally produced by our most 
anciently domesticated productions. 
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Man does not actually produce variability; he only unintentionally exposes organic beings 
to new conditions of life, and then nature acts on the organisation, and causes variability. But 
man can and does select the variations given to him by nature, and thus accumulate them in 
any desired manner. He thus adapts animals and plants for his own benefit or pleasure. He 
may do this methodically, or he may do it unconsciously by preserving the individuals most 
useful to him at the time, without any thought of altering the breed. It is certain that he can 
largely influence the character of a breed by selecting, in each successive generation, 
individual differences so slight as to be quite inappreciable by an uneducated eye. This process 
of selection has been the great agency in the production of the most distinct and useful 
domestic breeds. That many of the breeds produced by man have to a large extent the 
character of natural species, is shown by the inextricable doubts whether very many of them 
are varieties or aboriginal species. 

There is no obvious reason why the principles which have acted so efficiently under 
domestication should not have acted under nature. In the preservation of favoured individuals 
and races, during the constantly-recurrent Struggle for Existence, we see the most powerful and 
ever-acting means of selection. The struggle for existence inevitably follows from the high 
geometrical ratio of increase which is common to all organic beings. This high rate of increase 
is proved by calculation, by the effects of a succession of peculiar seasons, and by the results of 
naturalisation, as explained in the third chapter. More individuals are born than can possibly 
survive. A grain in the balance will determine which individual shall live and which shall die, 
—which variety or species shall increase in number, and which shall decrease, or finally become 
extinct. As the individuals of the same species come in all respects into the closest competition 
with each other, the struggle will generally be most severe between them; it will be almost 
equally severe between the varieties of the same species, and next in severity between the 
species of the same genus. But the struggle will often be very severe between beings most 
remote in the scale of nature. The slightest advantage in one being, at any age or during any 
season, over those with which it comes into competition, or better adaptation in however slight 
a degree to the surrounding physical conditions, will turn the balance. 

With animals having separated sexes there will in most cases be a struggle between the 
males for possession of the females. The most vigorous individuals, or those which have most 
successfully struggled with their conditions of life, will generally leave most progeny. But 
success will often depend on having special weapons or means of defence, or on the charms of 
the males; and the slightest advantage will lead to victory. 

As geology plainly proclaims that each land has undergone great physical changes, we 
might have expected that organic beings would have varied under nature, in the same way as 
they generally have varied under the changed conditions of domestication. And if there be any 
variability under nature, it would be an unaccountable fact if natural selection had not come 
into play. It has often been asserted, but the assertion is quite incapable of proof, that the 
amount of variation under nature is a strictly limited quantity. Man, though acting on external 
characters alone and often capriciously, can produce within a short period a great result by 
adding up mere individual differences in his domestic productions; and every one admits that 
there are at least individual differences in species under nature. But, besides such differences, 
all naturalists have admitted the existence of varieties, which they think sufficiently distinct to 
be worthy of record in systematic works. No one can draw any clear distinction between 
individual differences and slight varieties; or between more plainly marked varieties and 
sub-species, and species. Let it be observed how naturalists differ in the rank which they 
assign to the many representative forms in Europe and North America. 

If then we have under nature variability and a powerful agent always ready to act and 
select, why should we doubt that variations in any way useful to beings, under their excessively 
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complex relations of life, would be preserved, accumulated, and inherited? Why, if man can 
by patience select variations most useful to himself, should nature fail in selecting variations 
useful, under changing conditions of life, to her living products? What limit can be put to this 
power, acting during long ages and rigidly scrutinising the whole constitution, structure, and 
habits of each creature, —favouring the good and rejecting the bad? I can see no limit to this 
power, in slowly and beautifully adapting each form to the most complex relations of life. The 
theory of natural selection, even if we looked no further than this, seems to me to be in itself 
probable. I have already recapitulated, as fairly as I could, the opposed difficulties and 
objections: now let us turn to the special facts and arguments in favour of the theory. 

On the view that species are only strongly marked and permanent varieties, and that each 
species first existed as a variety, we can see why it is that no line of demarcation can be drawn 
between species, commonly supposed to have been produced by special acts of creation, and 
varieties which are acknowledged to have been produced by secondary laws. On this same 
view we can understand how it is that in each region where many species of a genus have been 
produced, and where they now flourish, these same species should present many varieties; for 
where the manufactory of species has been active, we might expect, as a general rule, to find it 
still in action; and this is the case if varieties be incipient species. Moreover, the species of the 
large genera, which afford the greater number of varieties or incipient species, retain to a 
certain degree the character of varieties; for they differ from each other by a less amount of 
difference than do the species of smaller genera. The closely allied species also of the larger 
genera apparently have restricted ranges, and they are clustered in little groups round other 
species—in which respects they resemble varieties. These are strange relations on the view of 
each species having been independently created, but are intelligible if all species first existed as 
varieties. 

As each species tends by its geometrical ratio of reproduction to increase imordinately in 
number; and as the modified descendants of each species will be enabled to increase by so 
much the more as they become more diversified in habits and structure, so as to be enabled to 
seize on many and widely different places in the economy of nature, there will be a constant 
tendency in natural selection to preserve the most divergent offspring of any one species. 
Hence during a long-continued course of modification, the slight differences, characteristic of 
varieties of the same species, tend to be augmented into the greater differences characteristic of 
species of the same genus. New and improved varieties will inevitably supplant and 
exterminate the older, less improved and intermediate vaneties; and thus species are rendered 
to a large extent defined and distinct objects. Dominant species belonging to the larger groups 
tend to give birth to new and dominant forms; so that each large group tends to become still 
larger, and at the same time more divergent in character. But as all groups cannot thus succeed 
in increasing in size, for the world would not hold them, the more dominant groups beat the 
less dominant. This tendency in the large groups to go on increasing in size and diverging in 
character, together with the almost inevitable contingency of much extinction, explains the 
arrangement of all the forms of life, in groups subordinate to groups, all within a few great 
classes, which we now see everywhere around us, and which has prevailed throughout all time. 
This grand fact of the grouping of all organic beings seems to me utterly inexplicable on the 
theory of creation. 

As natural selection acts solely by accumulating slight, successive, favourable variations, it 
can produce no great or sudden modification; it can act only by very short and slow steps. 
Hence the canon of ‘Natura non facit saltum,’ which every fresh addition to our knowledge 
tends to make more strictly correct, is on this theory simply intelligible. We can plainly see 
why nature is prodigal in variety, though niggard in innovation. But why this should be a law 
of nature if each species has been independently created, no man can explain. 
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Many other facts are, as it seems to me, explicable on this theory. How strange it is that a 
bird, under the form of woodpecker, should have been created to prey on insects on the ground; 
that upland geese, which never or rarely swim, should have been created with webbed feet; that 
a thrush should have been created to dive and feed on sub-aquatic insects, and that a petrel 
should have been created with habits and structure fitting it for the life of an auk or grebe! And 
so on in endless other cases. But on the view of each species constantly trying to increase in 
number, with natural selection always ready to adapt the slowly varying descendants of each to 
any unoccupied or ill-occupied place in nature, these facts cease to be strange. or perhaps 
might even have been anticipated. 

As natural selection acts by competition, it adapts the inhabitants of each country only in 
relation to the degree of perfection of their associates; so that we need feel no surprise at the 
inhabitants of any one country, although on the ordinary view supposed to have been specially 
created and adapted for that country, being beaten and supplanted by the naturalised 
productions from another land. Nor ought we to marvel if all the contrivances in nature be not, 
as far as we can judge, absolutely perfect; and if some of them be abhorrent to our ideas of 
fitness. We need not marvel at the sting of the bee causing the bee's own death; at drones 
being produced in such vast numbers for one single act, and being then slaughtered by their 
sterile sisters, at the astonishing waste of pollen by our fir-trees; at the instinctive hatred of the 
queen bee for her own fertile daughters; at ichneumonidae feeding within the live bodies of 
caterpillars; and at other such cases. The wonder indeed is, on the theory of natural selection, 
that more cases of the want of absolute perfection have not been observed. 

The complex and little known laws governing variation are the same, as far as we can see, 
with the laws which have governed the production of so-called specific forms. In both cases 
physical conditions seem to have produced but little direct effect; yet when varieties enter any 
zone, they occasionally assume some of the characters of the species proper to that zone. In 
both varieties and species, use and disuse seem to have produced some effect; for it is difficult 
to resist this conclusion when we look, for instance, at the logger-headed duck, which has 
wings incapable of flight, in nearly the same condition as in the domestic duck; or when we 
look at the burrowing tucutucu, which is occasionally blind, and then at certain moles, which 
are habitually blind and have their eyes covered with skin; or when we look at the blind 
animals inhabiting the dark caves of America and Europe. In both varieties and species 
correlation of growth seems to have played a most important part, so that when one part has 
been modified other parts are necessarily modified. In both varieties and species reversions to 
long-lost characters occur. How inexplicable on the theory of creation is the occasional 
appearance of stripes on the shoulder and legs of the several species of the horse-genus and in 
their hybrids! How simply is this fact explained if we believe that these species have 
descended from a striped progenitor, in the same manner as the several domestic breeds of 
pigeon have descended from the blue and barred rock-pigeon! 

On the ordinary view of each species having been independently created, why should the 
specific characters, or those by which the species of the same genus differ from each other, be 
more variable than the generic characters in which they all agree? Why, for instance, should 
the colour of a flower be more likely to vary in any one species of a genus, if the other species, 
supposed to have been created independently, have differently coloured flowers, than if all the 
species of the genus have the same coloured flowers? If species are only well-marked 
varieties, of which the characters have become in a high degree permanent, we can understand 
this fact; for they have already varied since they branched off from a common progenitor in 
certain characters, by which they have come to be specifically distinct from each other, and 
therefore these same characters would be more likely still to be variable than the generic 
characters which have been inherited without change for an enormous period. It is inexplicable 
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on the theory of creation why a part developed in a very unusual manner in any one species of 
a genus, and therefore, as we may naturaily infer, of great importance to the species, should be 
eminently liable to variation; but, on my view, this part has undergone. since the several 
species branched off from a common progenitor, an unusual amount of variability and 
modification, and therefore we might expect this part generally to be still variable. But a part 
may be developed in the most unusual manner, like the wing of a bat, and yet not be more 
variable than any other structure, if the part be common to many subordinate forms, that is, if it 
has been inherited for a very long period; for in this case it will have been rendered constant by 
long-continued natural selection. 

Glancing at instincts, marvellous as some are, they offer no greater difficulty than does 
corporeal structure on the theory of the natural selection of successive, slight, but profitable 
modifications. We can thus understand why nature moves by graduated steps in endowing 
different animals of the same class with their several instincts. I have attempted to show how 
much light the principle of gradation throws on the admirable architectural powers of the 
hive-bee. Habit no doubt sometimes comes into play in modifying instincts; but it certainly is 
not indispensable, as we see, in the case of neuter insects, which leave no progeny to inhent the 
effects of long-continued habit. On the view of all the species of the same genus having 
descended from a common parent, and having inherited much in common, we can understand 
how it is that allied species, when placed under considerably different conditions of life, yet 
should follow nearly the same instincts; why the thrush of South America, for instance, lines 
her nest with mud like our British species. On the view of instincts having been slowly 
acquired through natural selection we need not marvel at some instincts being apparently not 
perfect and liable to mistakes, and at many instincts causing other animals to suffer. 

If species be only well-marked and permanent varieties, we can at once see why their 
crossed offspring should follow the same complex laws in their degrees and kinds of 
resemblance to their parents, —in being absorbed into each other by successive crosses, and in 
other such points, -as do the crossed offspring of acknowledged varieties. On the other hand, 
these would be strange facts if species have been independently created, and varieties have 
been produced by secondary laws. 

If we admit that the geological record is imperfect in an extreme degree, then such facts as 
the record gives support the theory of descent with modification. New species have come on 
the stage slowly and at successive intervals; and the amount of change, after equal intervals of 
time, is widely different in different groups. The extinction of species and of whole groups of 
species, which has played so conspicuous a part in the history of the organic world, almost 
inevitably follows on the principle of natural selection; for old forms will be supplanted by new 
and improved forms. Neither single species nor groups of species reappear when the chain of 
ordinary generation has once been broken. The gradual diffusion of dominant forms, with the 
slow modification of their descendants, causes the forms of life, after long intervals of time, to 
appear as if they had changed simultaneously throughout the world. The fact of the fossil 
remains of each formation being in some degree intermediate in character between the fossils 
in the formations above and below, is simply explained by their intermediate position in the 
chain of descent. The grand fact that all extinct organic beings belong to the same system with 
recent beings, falling either into the same or into intermediate groups, follows from the living 
and the extinct being the offspring of common parents. As the groups which have descended 
from an ancient progenitor have generally diverged in character, the progenitor with its early 
descendants will often be intermediate in character in comparison with its later descendants; 
and thus we can see why the more ancient a fossil is, the oftener it stands in some degree 
intermediate between existing and allied groups. Recent forms are generally looked at as 
being, in some vague sense, higher than ancient and extinct forms; and they are in so far higher 


107 


Charles Darwin 


as the later and more improved forms have conquered the older and less improved organic 
beings in the struggle for life. Lastly, the law of the long endurance of allied forms on the 
same continent, —of marsupials in Australia, of edentata in America, and other such cases, —is 
intelligible, for within a confined country, the recent and the extinct will naturally be allied by 
descent. 

Looking to geographical distribution. if we admit that there has been during the long course 
of ages much migration from one part of the world to another, owing to former climatal and 
geographical changes and to the many occasional and unknown means of dispersal, then we 
can understand, on the theory of descent with modification, most of the great leading facts in 
Distribution. We can see why there should be so striking a parallelism in the distribution of 
organic beings throughout space, and in their geological succession throughout time; for in 
both cases the beings have been connected by the bond of ordinary generation, and the means 
of modification have been the same. We see the full meaning of the wonderful fact, which 
must have struck every traveller, namely, that on the same continent, under the most diverse 
conditions, under heat and cold, on mountain and lowland, on deserts and marshes, most of the 
inhabitants within each great class are plainly related; for they will generally be descendants of 
the same progenitors and early colonists. On this same principle of former migration, 
combined in most cases with modification, we can understand, by the aid of the Glacial period, 
the identity of some few plants, and the close alliance of many others, on the most distant 
mountains, under the most different climates; and likewise the close alliance of some of the 
inhabitants of the sea in the northern and southern temperate zones, though separated by the 
whole intertropical ocean. Although two areas may present the same physical conditions of 
life, we need feel no surprise at their inhabitants being widely different, if they have been for a 
long period completely separated from each other, for as the relation of organism to organism 
is the most important of all relations, and as the two areas will have received colonists from 
some third source or from each other, at various periods and in different proportions, the course 
of modification in the two areas will inevitably be different. 

On this view of migration, with subsequent modification, we can see why oceanic islands 
should be inhabited by few species, but of these, that many should be peculiar. We can clearly 
see why those animals which cannot cross wide spaces of ocean, as frogs and terrestrial 
mammals, should not inhabit oceanic islands; and why, on the other hand, new and peculiar 
species of bats, which can traverse the ocean, should so often be found on islands far distant 
from any continent. Such facts as the presence of peculiar species of bats, and the absence of 
all other. mammals, on oceanic islands, are utterly inexplicable on the theory of independent 
acts of creation. 

The existence of closely allied or representative species in any two areas, implies, on the 
theory of descent with modification, that the same parents formerly inhabited both areas; and 
we almost invariably find that wherever many closely allied species inhabit two areas, some 
identical species common to both still exist. Wherever many closely allied yet distinct species 
occur, many doubtful forms and varieties of the same species likewise occur. It is a mule of 
high generality that the inhabitants of each area are related to the inhabitants of the nearest 
source whence immigrants might have been derived. We see this in nearly all the plants and 
animals of the Galapagos archipelago, of Juan Fernandez, and of the other American islands 
being related in the most striking manner to the plants and animals of the neighbouring 
American mainland; and those of the Cape de Verde archipelago and other African islands to 
the African mainland. It must be admitted that these facts receive no explanation on the theory 
of creation. 

The fact, as we have seen, that all past and present organic beings constitute one grand 
natural system, with group subordinate to group, and with extinct groups often falling in 
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between recent groups, is intelligible on the theory of natural selection with its contingencies of 
extinction and divergence of character. On these same principles we see how it is, that the 
mutual affinities of the species and genera within each class are so complex and circuitous. 
We see why certain characters are far more serviceable than others for classification; -why 
adaptive characters, though of paramount importance to the being, are of hardly any 
importance in classification; why characters derived from rudimentary parts, though of no 
service to the being, are often of high classificatory value; and why embryological characters 
are the most valuable of all. The real affinities of all organic beings are due to inheritance or 
community of descent. The natural system is a genealogical arrangement, in which we have to 
discover the lines of descent by the most permanent characters, however slight their vital 
importance may be. 

The framework of bones being the same in the hand of a man, wing of a bat, fin of the 
porpoise, and leg of the horse, -the same number of vertebrae forming the neck of the giraffe 
and of the elephant, -and innumerable other such facts, at once explain themselves on the 
theory of descent with slow and slight successive modifications. The similarity of pattern in 
the wing and leg of a bat, though used for such different purpose, —in the jaws and legs of a 
crab, —in the petals, stamens, and pistils of a flower, is likewise intelligible on the view of the 
gradual modification of parts or organs, which were alike in the early progenitor of each class. 
On the principle of successive variations not always supervening at an early age, and being 
inherited at a corresponding not early period of life. we can clearly see why the embryos of 
mamunals, birds, reptiles, and fishes should be so closely alike, and should be so unlike the 
adult forms. We may cease marvelling at the embryo of an air-breathing mammal or bird 
having branchial slits and arteries running in loops, like those in a fish which has to breathe the 
air dissolved in water, by the aid of well-developed branchiae. 

Disuse, aided sometimes by natural selection, will often tend to reduce an organ, when it 
has become useless by changed habits or under changed conditions of life; and we can clearly 
understand on this view the meaning of rudimentary organs. But disuse and selection will 
generally act on each creature, when it has come to maturity and has to play its full part m the 
struggle for existence, and will thus have little power of acting on an organ during early life; 
hence the organ will not be much reduced or rendered rudimentary at this early age. The calf, 
for instance, has inherited teeth, which never cut through the gums of the upper jaw, from an 
early progenitor having well-developed teeth; and we may believe, that the teeth in the mature 
animal were reduced, during successive generations, by disuse or by the tongue and palate 
having been fitted by natural selection to browse without their aid; whereas in the calf, the 
teeth have been left untouched by selection or disuse, and on the principle of inheritance at 
corresponding ages have been inherited from a remote period to the present day. On the view 
of each organic being and each separate organ having been specially created, how utterly 
inexplicable it is that parts, like the teeth in the embryonic calf or like the shrivelled wings 
under the soldered wing-covers of some beetles, should thus so frequently bear the plain stamp 
of inutility! Nature may be said to have taken pains to reveal, by rudimentary organs and by 
homologous structures, her scheme of modification, which it seems that we wilfully will not 
understand. 

I have now recapitulated the chief facts and considerations which have thoroughly 
convinced me that species have changed, and are still slowly changing by the preservation and 
accumulation of successive slight favourable vanations. Why, it may be asked, have all the 
most eminent living naturalists and geologists rejected this view of the mutability of species? 
It cannot be asserted that organic beings in a state of nature are subject to no variation; it 
cannot be proved that the amount of variation in the course of long ages is a limited quantity; 
no clear distinction has been, or can be, drawn between species and well-marked varieties. It 
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cannot be maintained that species when intercrossed are invariably sterile, and varieties 
invariably fertile; or that sterility is a special endowment and sign of creation. The belief that 
species were immutable productions was almost unavoidable as long as the history of the 
world was thought to be of short duration: and now that we have acquired some idea of the 
lapse of time, we are too apt to assume, without proof, that the geological record is so perfect 
that it would have afforded us plain evidence of the mutation of species, if they had undergone 
mutation. 

But the chief cause of our natural unwillingness to admit that one species has given birth to 
other and distinct species, is that we are always slow in admitting any great change of which 
we do not see the intermediate steps. The difficulty is the same as that felt by so many 
geologists, when Lyell first insisted that long lines of inland cliffs had been formed, and great 
valleys excavated, by the slow action of the coast-waves. The mind cannot possibly grasp the 
full meaning of the term of a hundred million years; it cannot add up and perceive the full 
effects of many slight variations, accumulated during an almost infinite number of generations. 

Although I am fully convinced of the truth of the views given in this volume under the form 
of an abstract, I by no means expect to convince experienced naturalists whose minds are 
stocked with a multitude of facts all viewed, during a long course of years, from a point of 
view directly opposite to mine. It is so easy to hide our ignorance under such expressions as 
the ‘plan of creation,’ ‘unity of design,’ &c., and to think that we give an explanation when we 
only restate a fact. Any one whose disposition leads him to attach more weight to unexplained 
difficulties than to the explanation of a certain number of facts will certainly reject my theory. 
A few naturalists, endowed with much flexibility of mind, and who have already begun to 
doubt on the immutability of species, may be influenced by this volume; but I look with 
confidence to the future, to young and rising naturalists, who will be able to view both sides of 
the question with impartiality. Whoever is led to believe that species are mutable will do good 
service by conscientiously expressing his conviction; for only thus can the load of prejudice by 
which this subject is overwhelmed be removed. 

Several eminent naturalists have of late published their belief that a multitude of reputed 
species in each genus are not real species; but that other species are real, that is, have been 
independently created. This seems to me a strange conclusion to arrive at. They admit that a 
multitude of forms, which till lately they themselves thought were special creations, and which 
are still thus looked at by the majority of naturalists, and which consequently have every 
external characteristic feature of true species, -they admit that these have been produced by 
variation, but they refuse to extend the same view to other and very slightly different forms. 
Nevertheless they do not pretend that they can define, or even conjecture, which are the created 
forms of life, and which are those produced by secondary laws. They admit variation as a vera 
causa in one case, they arbitrarily reject it in another, without assigning any distinction in the 
two cases. The day will come when this will be given as a curious illustration of the blindness 
of preconceived opinion. These authors seem no more startled at a miraculous act of creation 
than at an ordinary birth. But do they really believe that at innumerable periods in the earth’s 
history certain elemental atoms have been commanded suddenly to flash into living tissues? 
Do they believe that at each supposed act of creation one individual or many were produced? 
Were all the infinitely numerous kinds of animals and plants created as eggs or seed, or as full 
grown? And in the case of mammals, were they created bearing the false marks of nourishment 
from the mother's womb? Although naturalists very properly demand a full explanation of 
every difficulty from those who believe in the mutability of species, on their own side they 


ignore the whole subject of the first appearance of species in what they consider reverent 
silence. 
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It may be asked how far I extend the doctrine of the modification of species. The question 
is difficult to answer, because the more distinct the forms are which we may consider, by so 
much the arguments fall away in force. But some arguments of the greatest weight extend very 
far. All the members of whole classes can be connected together by chains of affinities, and all 
can be classified on the same principle, in groups subordinate to groups. Fossil remains 
sometimes tend to fill up very wide intervals between existing orders. Organs in a rudimentary 
condition plainly show that an early progenitor had the organ in a fully developed state; and 
this in some instances necessarily implies an enormous amount of modification in the 
descendants. Throughout whole classes various structures are formed on the same pattern, and 
at an embryonic age the species closely resemble each other. Therefore I cannot doubt that the 
theory of descent with modification embraces all the members of the same class. I believe that 
animals have descended from at most only four or five progenitors, and plants from an equal or 
lesser number. 

Analogy would lead me one step further, namely, to the belief that all animals and plants 
have descended from some one prototype. But analogy may be a deceitful guide. Nevertheless 
all living things have much in common, in their chemical composition, their germinal vesicles, 
their cellular structure, and their laws of growth and reproduction. We see this even in so 
trifling a circumstance as that the same poison often similarly affects plants and animals: or 
that the poison secreted by the gall-fly produces monstrous growths on the wild rose or 
oak-tree. Therefore I should infer from analogy that probably all the organic beings which 
have ever lived on this earth have descended from some one primordial form, into which life 
was first breathed. 

When the views entertained in this volume on the ongin of species, or when analogous 
views are generally admitted, we can dimly foresee that there will be a considerable revolution 
in natural history. Systematists will be able to pursue their labours as at present: but they will 
not be incessantly haunted by the shadowy doubt whether this or that form be in essence a 
species. This I feel sure, and I speak after experience, will be no slight relief. The endless 
disputes whether or not some fifty species of British brambles are true species will cease. 
Systematists will have only to decide (not that this will be easy) whether any form be 
sufficiently constant and distinct from other forms, to be capable of definition; and if definable, 
whether the differences be sufficiently important to deserve a specific name. This latter point 
will become a far more essential consideration than it is at present; for differences, however 
slight, between any two forms, if not blended by intermediate gradations, are looked at by most 
naturalists as sufficient to raise both forms to the rank of species. Hereafter we shall be 
compelled to acknowledge that the only distinction between species and well-marked varieties 
is, that the latter are known, or believed, to be connected at the present day by intermediate 
gradations, whereas species were formerly thus connected. Hence, without quite rejecting the 
consideration of the present existence of intermediate gradations between any two forms, we 
shall be led to weigh more carefully and to value higher the actual amount of difference 
between them. It is quite possible that forms now generally acknowledged to be merely 
varieties may hereafter be thought worthy of specific names, as with the primrose and cowslip; 
and in this case scientific and common language will come into accordance. In short, we shall 
have to treat species in the same manner as those naturalists treat genera, who admit that 
genera are merely artificial combinations made for convenience. This may not be a cheering 
prospect; but we shall at least be freed from the vain search for the undiscovered and 
undiscoverable essence of the term species. 

The other and more general departments of natural history will rise greatly in interest. The 
terms used by naturalists of affinity, relationship, community of type, paternity, morphology, 
adaptive characters, rudimentary and aborted organs, &c., will cease to be metaphorical, and 
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will have a plain signification. When we no longer look at an organic being as a savage looks 
at a ship, as at something wholly beyond his comprehension; when we regard every production 
of nature as one which has had a history; when we contemplate every complex structure and 
instinct as the summing up of many contrivances, each useful to the possessor, nearly in the 
same way as when we look at any great mechanical invention as the summing up of the labour, 
the experience, the reason, and even the blunders of numerous workmen; when we thus view 
each organic being. how far more interesting, I speak from experience, will the study of 
natural history become! 

A grand and almost untrodden field of inquiry will be opened, on the causes and laws of 
variation, on correlation of growth, on the effects of use and disuse, on the direct action of 
external conditions, and so forth. The study of domestic productions will rise immensely in 
value. A new variety raised by man will be a far more important and interesting subject for 
study than one more species added to the infinitude of already recorded species. Our 
classifications will come to be, as far as they can be so made, genealogies; and will then truly 
give what may be called the plan of creation. The rules for classifying will no doubt become 
simpler when we have a definite object in view. We possess no pedigrees or armorial bearings; 
and we have to discover and trace the many diverging lines of descent in our natural 
genealogies, by characters of any kind which have long been inherited. Rudimentary organs 
will speak infallibly with respect to the nature of long-lost structures. Species and groups of 
species, which are called aberrant, and which may fancifully be called living fossils, will aid us 
in forming a picture of the ancient forms of life. Embryology will reveal to us the structure, in 
some degree obscured, of the prototypes of each great class. 

When we can feel assured that all the individuals of the same species, and all the closely 
allied species of most genera, have within a not very remote period descended from one parent, 
and have migrated from some one birthplace; and when we better know the many means of 
migration, then, by the light which geology now throws, and will continue to throw, on former 
changes of climate and of the level of the land, we shall surely be enabled to trace in an 
admirable manner the former migrations of the inhabitants of the whole world. Even at 
present, by comparing the differences of the inhabitants of the sea on the opposite sides of a 
continent, and the nature of the various inhabitants of that continent in relation to their apparent 
means of immigration, some light can be thrown on ancient geography. 


The noble science of Geology loses glory from the extreme imperfection of the record. The 
crust of the earth with its embedded remains must not be looked at as a well-filled museum, but 
as a poor collection made at hazard and at rare intervals. The accumulation of each great 
fossiliferous formation will be recognised as having depended on an unusual concurrence of 
circumstances, and the blank intervals between the successive stages as having been of vast 
duration. But we shall be able to gauge with some security the duration of these intervals by a 
comparison of the preceding and succeeding organic forms. We must be cautious in 
attempting to correlate as strictly contemporaneous two formations, which include few 
identical species, by the general succession of their forms of life. As species are produced and 
exterminated by slowly acting and still existing causes, and not by miraculous acts of creation 
and by catastrophes; and as the most important of all causes of organic change is one which is 
almost independent of altered and perhaps suddenly altered physical conditions, namely, the 
mutual relation of organism to organism, -the improvement of one being entailing the 
improvement or the extermination of others; it follows, that the amount of organic change in 
the fossils of consecutive formations probably serves as a fair measure of the lapse of actual 
time. A number of species, however, keeping in a body might remain for a long period 
unchanged, whilst within this same period, several of these species, by migrating into new 
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countries and coming into competition with foreign associates, might become modified; so that 
we must not overrate the accuracy of organic change as a measure of time. During early 
periods of the earth's history, when the forms of life were probably fewer and simpler, the rate 
of change was probably slower; and at the first dawn of life, when very few forms of the 
simplest structure existed, the rate of change may have been slow in an extreme degree. The 
whole history of the world, as at present known, although of a length quite incomprehensible 
by us, will hereafter be recognised as a mere fragment of time, compared with the ages which 
have elapsed since the first creature, the progenitor of innumerable extinct and living 
descendants, was created. 

In the distant future I see open fields for far more important researches. Psychology will 
be based on a new foundation, that of the necessary acquirement of each mental power and 
capacity by gradation. Light will be thrown on the origin of man and his history. 

Authors of the highest eminence seem to be fully satisfied with the view that each species 
has been independently created. To my mind it accords better with what we know of the laws 
impressed on matter by the Creator, that the production and extinction of the past and present 
inhabitants of the world should have been due to secondary causes, like those determining the 
birth and death of the individual. When I view all beings not as special creations, but as the 
lineal descendants of some few beings which lived long before the first bed of the Silurian 
system was deposited, they seem to me to become ennobled. Judging from the past, we may 
safely infer that not one living species will transmit its unaltered likeness to a distant futurity. 
And of the species now living very few will transmit progeny of any kind to a far distant 
futurity, for the manner in which all organic beings are grouped, shows that the greater number 
of species of each genus, and all the species of many genera, have left no descendants, but have 
become utterly extinct. We can so far take a prophetic glance into futurity as to foretel that it 
will be the common and widely-spread species, belonging to the larger and dominant groups. 
which will ultimately prevail and procreate new and dominant species. As all the living forms 
of life are the lineal descendants of those which lived long before the Silurian epoch, we may 
feel certain that the ordinary succession by generation has never once been broken, and that no 
cataclysm has desolated the whole world. Hence we may look with some confidence to a 
secure future of equally inappreciable length. And as natural selection works solely by and for 
the good of each being, all corporeal and mental endowments will tend to progress towards 
perfection. 

It is interesting to contemplate an entangled bank, clothed with many plants of many kinds, 
with birds singing on the bushes, with various insects flitting about, and with worms crawling 
through the damp earth, and to reflect that these elaborately constructed forms, so different 
from each other, and dependent on each other in so complex a manner, have all been produced 
by laws acting around us. These laws, taken in the largest sense, being Growth with 
Reproduction; Inheritance which is almost implied by reproduction; Variability from the 
indirect and direct action of the external conditions of life, and from use and disuse; a Ratio of 
Increase so high as to lead to a Struggle for Life, and as a consequence to Natural Selection, 
entailing Divergence of Character and the Extinction of less-improved forms. Thus, from the 
war of nature, from famine and death, the most exalted object, that we are capable of 
conceiving, namely, the production of the higher animals directly follows. There is grandeur in 
this view of life, with its several powers, having been originally breathed into a few forms or 
into one; and that, whilst this planet has gone cycling on according to the fixed law of gravity, 
from so simple a beginning endless forms most beautiful and most wonderful have been, and 
are being, evolved. 
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Questions to guide you towards an understanding of the Origin of Species: 


I. Darwin's Introduction to The Origin. 


A. 


18, 


What specific kinds of evidence does Darwin suggest must lead to an acceptance 
of the transmutability of species? 

Why does Darwin's theory suggest a monophyletic and not a polyphyletic ongin 
of species? 


Il. Chapter 3, Struggle for Existence. 


A. 


B. 
G. 


II. Chapter 4, Natural Selection = — 


VOWP 
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What is Darwin's Struggle for existence? 

How does Darwin equate the struggle for existence with an organism's adaptation 
to the environment? 

Who was Thomas Malthus and what is a geometric rate of increase? 


How does Darwin explain ‘natural sélection? 

Compare natural selection to artificial selection? 

What is sexual selection and how does it differ from natural selection? 

Can you interpret the diagram Darwin uses to illustrate character divergence and 
descent from a common ancestor? What does it illustrate in regards to divergence 
and extinction? 

How do Darwin and Lamarck differ concerning the problem of progression of 
form? 


1858 On the Tendency of Varieties to Depart Indefinitely 
from the Original Type 


by Alfred Russel Wallace 


[written at Ternate, February, 1858 Instability of Varieties supposed to prove the permanent distinctness of Species] 


ONE of the strongest arguments which have been adduced to prove the original and 
permanent distinctness of species is, that varieties produced in a state of domesticity are more 
or less unstable, and often have a tendency, if left to themselves, to return to the normal form 
of the parent species; and this instability is considered to be a distinctive peculiarity of all 
varieties, even of those occurring among wild animals in a state of nature, and to constitute a 
provision for preserving unchanged the originally created distinct species. 

In the absence of scarcity of facts and observations as to varieties occurring among wild 
animals. this argument has had great weight with naturalists, and has led to a very general and 
somewhat prejudiced belief in the stability of species. Equally general, however, is the belief 
in what are called "permanent or true varieties,"- races of animals which continually propagate 
their like, but which differ so slightly (although constantly) from some other race, that the one 
is considered to be a variety of the other. Which is the variety and which the original species, 
there is generally no means of determining, except in those rare cases in which the one race has 
been known to produce an offspring unlike itself and resembling the other. This, however, 
would seem quite incompatible with the "permanent invariability of species," but the difficulty 
is overcome by assuming that such varieties have strict limits, and can never again vary further 
from the original type, although they may return to it, which, from the analogy of the 
domesticated animals, is considered to be highly probable, if not certainly proved. 

It will be observed that this argument rests entirely on the assumption, that varieties 
occurring in a state of nature are in all respects analogous to or even identical with those of 
domestic animals, and are governed by the same laws as regards their permanence or further 
variation. But it is the object of the present paper to show that this assumption is altogether 
false, that there is a general principle in nature which will cause many varieties to survive the 
paremt species, and to give rise to successive variations departing further and further from the 
original type, and which also produces. in domesticated animals, the tendency of varieties to 
return to the parent form. 


The Struggle for Existence. 


The life of wild animals is a struggle for existence. The full exertion of all their faculties 
and all their energies is required to preserve their own existence and provide for that of their 
infant offspring. The possibility of procuring food during the least favourable seasons, and of 
escaping the attacks of their most dangerous enemies, are the primary conditions which 
determine the existence both of individuals and of entire species. These conditions will also 
determine the population of a species; and by a careful consideration of all the circumstances 
we may be enabled to comprehend, and in some degree to explain, what at first sight appears 
so inexplicable- the excessive abundance of some species, while others closely allied to them 
are very rare. 
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The Law of Population of Species. 


The general proportion that must obtain between certain groups of animals is readily seen. 
Large animals cannot be so abundant as small ones; the carnivora must be less numerous than 
the herbivora; eagles and lions can never be so plentiful as pigeons and antelopes; the wild 
asses of the Tartarian deserts cannot equal in numbers the horses of the more luxuriant prairies 
and pampas of America. The greater or less fecundity of an animal is often considered to be 
one of the chief causes of its abundance or scarcity; but a consideration of the facts will show 
us that it really has little or nothing to do with the matter. Even the least prolific of animals 
would increase rapidly if unchecked, whereas it is evident that the animal population of the 
globe must be stationary, or perhaps, through the influence of man, decreasing. Fluctuations 
there may be; but permanent increase, except in restricted localities, is almost impossible. For 
example, our own observation must convince us that birds do not go on increasing every year 
in a geometrical ratio, as they would do, were there not some powerful check to their natural 
increase. Very few birds produce less than two young ones each year, while many have six, 
eight, or ten; four will certainly be below the average; and if we suppose that each pair produce 
young only four times in their life, that will also be below the average, supposing them not to 
die either by violence or want of food. Yet at this rate how tremendous would be the increase 
in a few years from a single pair! A simple calculation will show that in fifteen years each pair 
of birds would have increased to nearly ten millions! whereas we have no reason to believe 
that the number of the birds of any country increases at all in fifteen or in one hundred and 
fifty years. With such powers of increase the population must have reached its limits, and have 
become stationary, in a very few years after the origin of each species. It is evident, therefore, 
that each year an immense number of birds must perish- as many in fact as are born; and as on 
the lowest calculation the progeny are each year twice as numerous as their parents, it follows 
that, whatever be the average number of individuals existing in any given country, twice that 
number must perish annually,- a striking result, but one which seems at least highly probable, 
and is perhaps under rather than over the truth. It would therefore appear that, as far as the 
continuance of the species and the keeping up the average number of individuals are 
concerned, large broods are superfluous. On the average all above one become food for hawks 
and kites, wild cats and weasels, or perish of cold and hunger as winter comes on. This is 
strikingly proved by the case of particular species; for we find that their abundance in 
individuals bears no relation whatever to their fertility in producing offspring. Perhaps the 
most remarkable instance of an immense bird population is that of the passenger pigeon of the 
United States, which lays only one, or at most two eggs, and is said to rear generally but one 
young one. Why is this bird so extraordinarily abundant, while others producing two or three 
times as many young are much less plentiful? The explanation is not difficult. The food most 
congenial to this species, and on which it thrives best, is abundantly distributed over a very 
extensive region, offering such difference of soil and climate, that in one part or another of the 
area the supply never fails. The bird is capable of a very rapid and long-continued flight, so 
that it can pass without fatigue over the whole of the district it inhabits, and as soon as the 
supply of food begins to fail in one place is able to discover a fresh feeding-ground. This 
example strikingly shows us that the procuring a constant supply of wholesome food is almost 
the sole condition requisite for ensuring the rapid increase of a given species, since neither the 
limited fecundity, nor the unrestrained attacks of birds of prey and of man are here sufficient to 
check it. In no other birds are these peculiar circumstances so strikingly combined. Either their 
food is more liable to failure, or they have not sufficient power of wing to search for it over an 
extensive area, or during some season of the year it becomes very scarce, and less wholesome 
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substitutes have to be found; and thus, though more fertile in offspring, they can never increase 
beyond the supply of food in the least favourable seasons. Many birds can only exist by 
migrating, when their food becomes scarce, to regions possessing a milder, or at least a 
different climate, though, as these migrating birds are seldom excessively abundant, it is 
evident that the countnes they visit are still deficient in a constant and abundant supply of 
wholesome food. Those whose organization does not permit them to migrate when their food 
becomes periodically scarce, can never attain a large population. This is probably the reason 
why woodpeckers are scarce with us, while in the tropics they are among the most abundant of 
solitary birds. Thus the house sparrow is more abundant than the redbreast, because its food is 
more constant and plentiful.- seeds of grasses being preserved during the winter, and our farm- 
yards and stubble-fields furnishing an almost inexhaustible supply. Why, as a general mule, are 
aquatic, and especially sea birds, very numerous in individuals? Not because they are more 
prolific than others, generally the contrary; but because their food never fails, the sea-shores 
and river-banks daily swarming with a fresh supply of small mollusca and crustacea. Exactly 
the same laws will apply to mammals. Wild cats are prolific and have few enemies; why then 
are they never as abundant as rabbits? The only intelligible answer is, that their supply of food 
is more precarious. It appears evident, therefore, that so long as a country remains physically 
unchanged, the numbers of its animal population cannot materially increase. If one species 
does so, some others requiring the same kind of food much diminish in proportion. The 
numbers that die annually must be immense; and as the individual existence of each animal 
depends upon itself, those that die must be the weakest- the very young, the aged, and the 
diseased,- while those that prolong their existence can only be the most perfect in health and 
vigour- those who are best able to obtain food regularly, and avoid their numerous enemies. It 
is, as we commenced by remarking, "a struggle for existence," in which the weakest and least 
perfectly organized must always succumb. 


The Abundance or Rarity of a Species dependent upon its more or less perfect 
Adaptation to the Conditions of Existence. 


It seems evident that what takes place among the individuals of a species must also occur 
among the several allied species of a group,- viz., that those which are best adapted to obtain a 
regular supply of food, and to defend themselves against the attacks of their enemies and the 
vicissitudes of the seasons, must necessarily obtain and preserve a superiority in population; 
while those species which from some defect of power or organization are the least capable of 
counteracting the vicissitudes of food, supply, &c., must diminish in numbers, and, in extreme 
cases, become altogether extinct. Between these extremes the species will present various 
degrees of capacity for ensuring the means of preserving life; and it is thus we account for the 
abundance or rarity of species. Our ignorance will generally prevent us from accurately tracing 
the effects to their causes; but could we become perfectly acquainted with the organization and 
habits of the various species of animals, and could we measure the capacity of each for 
performing the different acts necessary to its safety and existence under all the varying 
circumstances by which it is surrounded, we might be able even to calculate the proportionate 
abundance of individuals which is the necessary result. 

If now we have succeeded in establishing these two points- Ist, that the animal population 
of a country is generally stationary, being kept down by a periodical deficiency of food, and 
other checks; and, 2nd, that the comparative abundance or scarcity of the individuals of the 
several species is entirely due to their organization and resulting habits, which, rendering it 
more difficult to procure a regular supply of food and to provide for their personal safety in 
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some cases than in others, can only be balanced by a difference in the population which have 
to exist in a given area- we shall be in a condition to proceed to the consideration of varieties, 
to which the preceding remarks have a direct and very important application. 


Useful Variations will tend to Increase; useless or hurtful Variations to Diminish. 


Most or perhaps all the variations from the typical form of a species must have some 
definite effect, however slight, on the habits or capacities of the individuals. Even a change of 
colour might, by rendering them more or less distinguishable, affect their safety; a greater or 
less development of hair might modify their habits. More important changes, such as an 
increase in the power or dimensions of the limbs or any of the external organs, would more or 
less affect their mode of procuring food or the range of country which they inhabit. It is also 
evident that most changes would affect, either favourably or adversely, the powers of 
prolonging existence. An antelope with shorter or weaker legs must necessarily suffer more 
from the attacks of the feline carnivora; the passenger pigeon with less powerful wings would 
sooner or later be affected in its powers of procuring a regular supply of food; and in both 
cases the result must necessarily be a diminution of the population of the modified species. If, 
on the other hand, any species should produce a variety having slightly increased powers of 
preserving existence, that variety must inevitably in time acquire a superiority in numbers. 
These results must follow as surely as old age, intemperance, or scarcity of food produce an 
increased mortality. In both cases there may be many individual exceptions; but on the average 
the rule will invariably be found to hold good. All varieties will therefore fall into two classes- 
those which under the same conditions would never reach the population of the parent species, 
and those which would in time obtain and keep a numerical supenority. Now, let some 
alteration of physical conditions occur in the district- a long period of drought, a destruction of 
vegetation by locusts, the irruption of some new carnivorous animal seeking “pastures new"- 
any change in fact tending to render existence more difficult to the species in question, and 
tasking its utmost powers to avoid complete extermination; it is evident that, of all the 
individuals composing the species, those forming the least numerous and most feebly 
organized variety would suffer first, and, were the pressure severe, must soon become extinct. 
The same causes continuing in action, the parent species would next suffer, would gradually 
diminish in numbers, and with a recurrence of similar unfavourable conditions might also 
become extinct. The superior variety would then alone remain, and on a return to favourable 
circumstances would rapidly increase in numbers and occupy the place of the extinct species 
and variety. 


Superior Varieties will ultimately Extirpate the original Species. 


The variety would now have replaced the species, of which it would be a more perfectly 
developed and more highly organized form. It would be in all respects better adapted to secure 
its safety, and to prolong its individual existence and that of the race. Such a variety could not 
return to the original form; for that form is an inferior one, and could never compete with it for 
existence. Granted, therefore, a "tendency" to reproduce the original type of the species, still 
the variety must ever remain preponderant in numbers, and under adverse physical conditions 
again alone survive. But this new, improved, and populous race might itself, in course of time, 
give rise to new varieties, exhibiting several diverging modifications of form, any of which, 
tending to increase the facilities for preserving existence, must by the same general law, in 
their turn become predominant. Here, then, we have progression and continued divergence 
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deduced from the general laws which regulate the existence of animals in a state of nature, and 
from the undisputed fact that varieties do frequently occur. It is not, however, contended that 
this result would be invariable; a change of physical conditions in the district might at times 
materially modify it, rendering the race which had been the most capable of supporting 
existence under the former conditions now the least so, and even causing the extinction of the 
newer and, for a time, superior race, while the old or parent species and its first inferior 
varieties continued to flourish. Variations in unimportant parts might also occur, having no 
perceptible effect on the life-preserving powers; and the varieties so furnished might run a 
course parallel with the parent species, either giving nse to further variations or returning to 
the former type. All we argue for is, that certain varieties have a tendency to maintain their 
existence longer than the original species, and this tendency must make itself felt; for though 
the doctrine of chances or averages can never be trusted to on a limited scale, yet, if applied to 
high numbers, the results come nearer to what theory demands, and, as we approach to an 
infinity of examples, become strictly accurate. Now the scale on which nature works is so vast- 
the numbers of individuals and periods of time with which she deals approach so near to 
infinity, that any cause, however slight, and however liable to be veiled and counteracted by 
accidental circumstances, must in the end produce its full legitimate results. 


The Partial Reversion of Domesticated Varieties explained. 


Let us now tum to domesticated animals, and inquire how varieties produced among them 
are affected by the principles here enunciated. The essential difference in the condition of wild 
and domestic animals is this,- that among the former, their well-being and very existence 
depend upon the full exercise and healthy condition of all their senses and physical powers, 
whereas, among the latter, these are only partially exercised, and in some cases are absolutely 
unused. A wild animal has to search, and often to labour, for every mouthful of food- to 
exercise sight, hearing, and smell in seeking it, and in avoiding dangers, in procuring shelter 
from the inclemency of the seasons, and in providing for the subsistence and safety of its 
offspring. There is no muscle of its body that is not called into daily and hourly activity; there 
is no sense or faculty that is not strengthened by continual exercise. The domestic animal, on 
the other hand, has food provided for it, is sheltered, and often confined, to guard it against the 
vicissitudes of the seasons, is carefully secured from the attacks of its natural enemies, and 
seldom even rears its young without human assistance. Half of its senses and faculties are quite 
useless; and the other half are but occasionally called into feeble exercise, while even its 
muscular system is only irregularly called into action. 

Now when a vaniety of such an animal occurs, having increased power or capacity in any 
organ or sense, such increase is totally useless, is never called into action, and may even exist 
without the animal ever becoming aware of it. In the wild animal. on the contrary, all its 
faculties and powers being brought into full action for the necessities of existence, any increase 
becomes immediately available, is strengthened by exercise, and must even slightly modify the 
food, the habits, and the whole economy of the race. It creates as it were a new animal, one of 
superior powers, and which will necessarily increase in numbers and outlive those inferior to 
it. 

Again, in the domesticated animal all variations have an equal chance of continuance; and 
those which would decidedly render a wild animal unable to compete with its fellows and 
continue its existence are no disadvantage whatever in a state of domesticity. Our quickly 
fattening pigs, short-legged sheep, pouter pigeons, and poodle dogs could never have come 
into existence in a state of nature, because the very first step towards such inferior forms would 
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have led to the rapid extinction of the race; still less could they now exist in competition with 
their wild allies. The great speed but slight endurance of the race horse, the unwielding 
strength of the ploughman's team, would both be useless in a state of nature. If turned wild on 
the pampas, such animals would probably soon become extinct, or under favorable 
circumstances might each lose those extreme qualities which would never be called into action, 
and in a few generations would revert to a common type, which must be that in which the 
various powers and faculties are so proportioned to each other as to be best adapted to procure 
food and secure safety,- that in which by the full exercise of every part of his organization the 
animal can alone continue to live. Domestic varieties, when turned wild, must return to 
something near the type of the original wild stock, or become altogether extinct.* 

*That is, they will vary, and the variations which tend to adapt them to the wild state, and 
therefore approximate them to wild animals, will be preserved. Those individuals which do not 
vary sufficiently will perish. 


Lamarck's Hypothesis very different from that now advanced. 


We see, then, that no inferences as to varieties in a state of nature can be deduced from the 
observation of those occurring among domestic animals. The two are so much opposed to each 
other in every circumstance of their existence, that what applies to the one is almost sure not to 
apply to the other. Domestic animals are abnormal, irregular, artificial; they are subject to 
varieties which never occur and never can occur in a state of nature; their very existence 
depends altogether on human care: so far are many of them removed from that just proportion 
of faculties, that true balance of organization, by means of which alone an animal left to its 
~ own resources can preserve its existence and continue its race. 

The hypothesis of Lamarck- that progressive changes in species have been produced by 
the attempts of animals to increase the development of their own organs, and thus modify their 
structure and habits- has been repeatedly and easily refuted by all writers on the subject of 
varieties and species, and it seems to have been considered that when this was done the whole 
question has been finally settled; but the view here developed renders such an hypothesis quite 
unnecessary, by showing that similar results must be produced by the action of principles 
constantly at work in nature. The powerful retractile talons of the falcon- and the cat-tribes 
have not been produced or increased by the volition of those animals; but among the different 
varieties which occurred in the earlier and less highly organized forms of these groups, those 
always survived longest which had the greatest facilities for seizing their prey. Neither did the 
giraffe acquire its long neck by desiring to reach the foliage of the more lofty shrubs, and 
constantly stretching its neck for the purpose, but because any varieties which occurred among 
its antitypes with a longer neck than usual at once secured a fresh range of pasture over the 
same ground as their shorter-necked companions, and on the first scarcity of food were thereby 
enabled to outlive them. Even the peculiar colours of many animals, especially insects, so 
closely resembling the soil or the leaves or the trunks on which they habitually reside, are 
explained on the same principle; for though in the course of ages varieties of many tints may 
have occurred, yet those races having colours best adapted to concealment from their enemies 
would inevitably survive the longest. We have also here an acting cause to account for that 
balance so often observed in nature,- a deficiency in one set of organs always being 
compensated by an increased development of some others- powerful wings accompanying 
weak feet, or great velocity making up for the absence of defensive weapons; for it has been 
shown that all varieties in which an unbalanced deficiency occurred could not long continue 
their existence. The action of this principle is exactly like that of the centrifugal governor of 
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the steam engine, which checks and corrects any irregulanties almost before they become 
evident; and in like manner no unbalanced deficiency in the animal kingdom can ever reach 
any conspicuous magnitude, because it would make itself felt at the very first step, by 
rendering existence difficult and extinction almost sure to follow. An origin such as is here 
advocated will also agree with the peculiar character of the modifications of form and structure 
which obtain in organized beings- the many lines of divergence from a central type, the 
increasing efficiency and power of a particular organ through a succession of allied species, 
and the remarkable persistence of unimportant parts such as colour, texture of plumage and 
hair, form of horns or crests, through a series of species differing considerably in more 
essential characters. It also furnishes us with a reason for that "more specialized structure" 
which Professor Owen states to be a characteristic of recent compared with extinct forms, and 
which would evidently be the result of the progressive modification of any organ applied to a 
special purpose 1n the animal economy. 


Conclusion. 


We believe we have now shown that there is a tendency in nature to the continued 
progression of certain classes of varieties further and further from the original type- a 
progression to which there appears no reason to assign any definite limits- and that the same 
principle which produces this result in a state of nature will also explain why domestic 
varieties have a tendency to revert to the original type. This progression, by minute steps, in 
various directions, but always checked and balanced by the necessary conditions, subject to 
which alone existence can be preserved, may, it is believed, be followed out so as to agree with 
all the phenomena presented by organized beings, their extinction and succession in past ages, 
and all the extraordinary modifications of form, instinct, and habits which they exhibit. 

Written at Ternate, February, 1858 


-THE END-. 
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BEYOND THE ORIGIN 
The Nature of Inheritance 


Introduction 


Eiseley, Loren: Darwin's Century: The Priest Who Held the Key to 
Evolution, Chapter 8 


Portugal, Franklin H., and Cohen, Jack S.: A Century of DNA, A 
History of the Discovery of the Structure and Function of the Genetic 
Substance, Chapter 1, The Discovery of DNA 
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Part III. Beyond The Origin —The Nature of Inheritance: 
Introduction 


progress i is often ni(renpasta of as a series of replacements. A theory 
wer to explain n Phenomena replaces one that ste able 


and simplest, theory about how 


works was ignored by the best minds of the day, for the greater part of fifty 
work of Gregor 


years, is therefore quite troubling. You can look at the life and 


owever, you 
can also see the eventual triumph of his thinking as a vindication of how 
scientific progress is supposed to work. The better theory did win out in the 
end; 1 


This essay, by Professor of Anthropology Loren Eiseley, is about the 
enormous that was necessary before Mendel’s 
mathematically elegant ideas about heredity could be accepted. In many ways, 
this change is similar to the shift in human understanding that preceded the 
acceptance of Copernicus’, Galileo’s, and Kepler’s ideas about the architecture 
of the universe, and Newton’s explanations of planetary motion. Thomas Kuhn 
termed this kind of about nature a paradigm 
shift. We tend to think of Newton as a solitary genius, but his contribution was 
built upon the work of earlier physicists, a fact Newton himself acknowledged. 
Similarly, 


Mendel knew Darwin’s work well. Darwin, if he ever heard of 


Mendel, did not see in the patient work of this German monk the answer to the 
most tantalizing 


as Eiseley points out, actually solved this central problem by looking oe ic 
at the opposite question: Mon AL 


t a 
Mendel’s work was largely ignored after its publication, and he did not we ay 


receive the recognition for answering the central problem of evolution until 
long after his death. Eiseley points out, however, that this long delay can be 
attributed to several factors. First, no one, in the late nineteenth century, knew 
how germ cells differed from somatic cells, or even if Mendel’s “allele” (the 
form of a trait) could be present in cellular structures. Second, observation of 


the genetics of domestic plants and animals had led many scientists (Darwin, 
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largely a resporise to aun of his hee theory by Scottish engineer 
Fleeming Jenkin, and was not a satisfying explanation of how variation could 
enter a population. The later work of August Weismann and W.L. Johannsen 
laid the foundation of cellular genetics and added to the understanding that 
there was a direct correlation between the genotype (the cellular determinant of 
heredity) and the phenotype (the outward appearance) of an individual. The 
work of Galileo and Kepler changed Copernicus’ explanation of the solar 
system from heretical to inevitable. Similarly, Weismann and Johannsen 
showed that Mendel’s elegant theory held the key to understanding the 
mechanisms of biological evolution. 
The second article in this section concerns a further piece of the inheritance 
puzzle, also unknown to Darwin. The discovery of nuclein by Friedrich 
in 1869 j i terestingly, 
Miescher never really understood the importance of the material he discovered, 
which we all know today as DNA, and the role of DNA in inheritance was not 
firmly establishe 


Questions to consider: 


1. Why is persistence of a trait, rather than introduction of variation, 
important in understanding hereditary transmission? 


2. What was Fleeming Jenkin’s challenge to Darwin? Why did Darwin 
take this challenge so seriously? 


3. How does Darwin’s idea of ‘gemmules’ compare with Weismann’s 
idea of a germ plasm? Why is Weismann’s idea more convincing? 


4. How does the word ‘mutation’ apply to Johannsen’s work? What does 
mutation mean in Hugo de Vries’ work? 


5. What were some of the problem Miescher faced in the isolation of 
nuclein from cells? 


6. What function did Miescher believe nuclein played in a cell, and why 
did he not believe that nuclein was the chemical basis of heredity? 


Chapter VIIT 


The Priest Who Held 
the Key to Evolution 


Great revolutions in science are scarcely ever 

effected but after their authors have ceased 

to breathe. | 
William Swainson, 1834 


I Gregor Mendel 


“On a clear, cold evening in February,” so his biographer 
states, for the record is clearer upon the weather of this 
particular evening of 1865 than upon the momentous 
event that occurred in it, “Father Gregor Mendel read 
before the Briinn See oo the sand of Sty Sci- 


‘tion.’”! Forty erate were arent in ie room at Al 
schoolhouse where the lecture was given. They were not 
ignorant people. Botanists, a chemist, an astronomer, a 
geologist were among those present. In the next month 
Mendel spoke again to the same audience recounting be- 
fore them his new theory upon the nature of inheritance. 
The audience listened patiently. At the end of the blue- 
eyed priest’s eager presentation of his researches, the still 


1 Hugo Iltis, Life of Mendel, New York, 1932. 
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poole minutes of the society indicate there was no 


Stolidly the audience had listened. Just as stolidly it 
had risen and dispersed down the cold, moonlit streets 
of Briinn. No one had ventured a question, not a single 
pera a ae Zs fey ae ae ee Bes 


had ae te 

Thirty-five years were to flow by and the grass on the 
discoverer’s grave would be green before the world of sci- 
ence comprehended that tremendous moment. Aged sur- 
vivors from the little audience would then be importuned 
for their memories, Few would have any. 

In the four huge volumes in which, at the end of the 
century, the scientific historian John Merz records a hun- 
dred EE of Soe the name Gregor Mendel re- 


arleseDarwiil Rs fare ane the biological honors of 
the sierearth century. It is par excellence the century 
that discovered time and change. Perhaps as a conse- 
quence there is something a little symbolic about the lives 
of these three men. Lamarck died in forgotten poverty, 
but above his grave rang his daughter’s defiant outcry, 
“The future will remember you, my father.” Charles Dar- 
win had been more fortunate in the world’s adulation, yet 
a decade after the publication of the Origin he was to 
hesitate and fall back upon a theory which weakened his 
life's work and which would have proved unnecessary 
had he known what was said on that winter evening of 
1865 a Briinn. 


rt 7 l, was to” 
ergo & *hange It was to us half piraieed by Men- 
del’s rae colina: and then emerge once more strength- 


ened, enriched, and rejuvenated by the discoveries which 
flowed from the work of the obscure 
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‘Species and carried on queer experiments with 
peas ica oa soma gars as lati to as his children. 


had done it re finite Petience tinar i 


Although his pies vieiois were reported to the world, 
they lay unread. “My time will come,” he said once to 
his friend Niess]l, but it is doubtful if by then he really 
believed it. When he died in 1884, it was as a prelate of 
the church, worn out with the cares of pales hacen ined 
ments had long since ceased, They er aroused 
public attention and perhaps in the end, apne. ne farse? 
and ill-advised by the only botanist he knew, he had 
come to doubt their value. A few years after his election 
as prelate a visitor wishing to observe the experimental 
plants at the monastery reported simply, “I found that I 
had come too Jate.” In a similar way fame came at last 
to Gregor Mendel. 

There is perhaps no stranger story in the annals of sci- 
ence than the rise to international eminence of this soli- 
tary man sixteen years after his death and thirty-five 
years after the talk in the little hall at Brinn, It is a story 
which is worth perusal by all scholars, not alone because 
of what Mendel achieved, but also because the complete 
failure of communication in this particular instance was, 
to a major degree, the failure of professional science. It 
has its lessons, even though the world has changed greatly 
since 1865. No man who loves knowledge would want an 
episode like this to Les twice. 


an this. sng was anced by one of the 
great ioe Botariists of his generation and he was be- 
trayed, not consciously, we may say in charity, but be- 
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trayed through condescension. Mendel was an amateur 
and the professional scientist whom he looked up to and 
admired saw in him no more than an instrument for the 
furtherance of his own researches. It is true that the in- 
tellectual climate of the time increased his difficulties, but 
it is also true that Mendel, this man a pase ae will, 
ear ks aa life the solace of a single sin- 


rom ert « cts ees was sents by ill luck in ev- 
erything that mattered save just one thing: the choice of 
the edible pea for his experiments. Even this plant, with 
its luckily simple genetic structure, was eventually aban- 
doned—once more by professional scientific advice. In- 
deed, at this late point in time one might readily wonder 
how much he really glimpsed of the significance of his 
own discoveries—one might, that is, if one did not know 
of the well-stocked monastery library with its annotated 
copy of T Darwin. L We satel too, that he tried experiments 
st tl rch rin oonued in his garden he 


i rit the Ev Datein , Saat Tamers “had 
been fascinated by change, 


‘stability. Instead of attempting, as did Darwin, to deter- 
mine how the characteristics of the adult organism were 
transferred to, or compressed into, a minute germ cell, 
Mendel sought to paeesmine Ay it came about that the 


a in other words, had intuitively grasped what 
seemingly no one else of his generation understood; 
namely, that until we had some idea of the mechanisms 
which controlled organic persistence we would be ill- 
equipped to understand what it was that produced evolu- 
tionary change. The persistence of biological form in time 
is the first fact in our experience. Organic change is a far 
more subtle phenomenon whose detection, as we have 
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had occasion to observe, is dependent upon a sophisti- 
cated knowledge of successive plant and animal transfor- 
mations occurring se Ee great Stretches of the past. 
It is for this reason that evolut or ed so long un- 
detected, whereas the Apoecmant ha of Secial creation of 
each species struck very few as being in the least illogical. 

It was Mendel’s virtue that he concentrated with more 
precision than anyone before him upon the way in which 
already existing characters emerged or failed to emerge 
in the offspring of a particular union. In examining the 
details of his unfortunate career it will be possible to see 


ote Man was s expressly etres 


In that re Dees ae in 
contrast with his assurance of 1859, wrote as follows: “I 
now admit .. . that in the earlier editions of my ‘Origin 
of Species’ I sen tia attributed too much to the action 
of natural selection or the survival of the fittest.”? 

There was a reason for this wary retreat on the part of 
the master. Ironically enough, two years after Mendel had 
actually placed a possible answer to Darwin's problem on 
record, a very erudite Scotch engineer brought forward 
in the pages of the North British Review* a formidable 
challenge to the Darwinians. It was a challenge which 
only a Mendelian geneticist could have answered—and 
Mendel, immured in his monastery, was unknown to both 
parties. 


he always avoided public controversy—but there is ample 
testimony in his letters to the effect which Jenkin’s criti- 
cism had upon him. “Fleeming Jenkin has given me much 
trouble . . .” he wrote to Hooker in January of 1869.4 In 


2 C. Darwin, Descent of Man, 1871, Modern ed, p 

8 Fleeming Jenkin, “The Origin of Species,” N. Bristch “Re. 
view, 1867, Vol. 46, pp. 149-71. 

4LLD, Vol. 2, p. 379. 
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February he confided to Wallace: “Jenkin argued in the 
‘North British Review’ against single variations ever be- 
ing perpetuated, and has convinced me. .. .” Finally, in 
the sixth edition of the Origin of Species one may read 
his open confession: “Nevertheless, until reading an able 
and valuable article in the ‘North British Review’ (1867) 
I did not appreciate how rarely single variations, whether 
slight or strongly marked, could be perpetuated. . . . The 
justice of these remarks cannot, I think, be disputed.”® 

The reader must now consider what is implied in the 


above statements. sc ne a ads in Serene a 


ally visualiz Darwin. “Jenkin set forth the 
sce Bate a ewig eteargent eharacted possessed by one 
or a few rare mutants would be rapidly swamped out of 
existence by backcrossing with the mass of individuals 
that did not possess the trait in question. Only if the same 
trait emerged simultaneously throughout the majority of 
the species could it be expected to survive. 

An admission that numbers of animals or plants mutate 
simultaneously ia the same direction, however, greatly re- 
duces the significance of natural selection and suggests 
either some interior orthogenetic drive which is affecting 
the individual members of the species, or an external en- 
vironmental force of Lamarckian character producing a 
direct effect on the germ plasm of an entire group of or- 
ganisms. In either case fluctuating fortuitous individual 
variation has to be abandoned and with it goes much of 
the importance of natural selection.® Jenkin's formidable 

formidable, that is, in the light of 
the conception of blending inheritance prevalent at the 
time, seemed to Darwin largely unanswerable. The only 
recourse was to fall back toward the type of iemnarakinee 

5 Modern ed., p. 7 

¢j. C. Willis, T Cavniede of Beat paesides ayer 
Press, 1940, pp. 5, 165-66. Also H. J “the Views 


Haeckel in the Li Light of Genetics,” A Rass of Sastet fe nae 
Vol. 2, p. 318. | 
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pmoraraate Libesoe he etaborated his scat of pangenesis. 


seuratint seeaaeieagca The answer to Fleeming 
Jenkin had been standing on library shelves in the Pro- 
ceedings of the Brinn Society for the Study of Natural 
Science since 1866. Jenkin, the hardheaded engineer, and 
the gracious, dreaming naturalist who had been forced to 
retreat before him would both be gone before anyone 
blew the dust from those forgotten pages. 

‘Mendel is a curious wraith in history. His associates, his 
followers, are all in the next century. That is when his — 

et if we are to understand him and the 

way in which he eventually rescued Darwinism itself 
from oblivion we must go the long way back to Brinn 
in Moravia and stand among the green peas in a quiet 
garden. Gregor Mendel had a strange fate: he was des- 
tined to live one life painfully in the flesh at Briinn and 
another, the intellectual life of which he dreamed, in the 
following century. His words, his calculations were to 
take a sudden belated flight out of the dark tomblike vol- 
umes and be written on hundreds of university black- 
boards, and go spinning through innumerable heads. 
Before their importance can be grasped, however, it is 
necessary to examine the state of genetics at the time 
Darwin wrote the Origin of Species and to gain some 
idea of the nature of the menace which confronted Dar- 
win upon the publication of Jenkin’s paper." 


quer Ces 


II Pre-Mendelian Genetics 
ear te Sees ae 


sccieciesiens Right jaan into ie so cen- 
tury such reports continued to be printed. As I remarked 


7 It can also be found in his Papers, Literary, Sctentific, Etc., ed. 
by Sidney Colvin and J. A. Ewing, London, 1887, Vol. 1. 
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on an earlier aiarae ee feed precision of 


omy \ with ww increasing 
hea me Betecent men, Ehedrs and wiles nivale which no 
educated person would accept today were taken quite 
seriously right into De Maillet’s time—an added reason, 
incidentally, for not dismissing as romantics, or as unscien- 
tific, scholars who were merely repeating the common be- 
liefs of their day.® Undoubtedly some of the floating 
beliefs that plants could change their type—ideas which 
survive in. the pages of the Vestiges—were derived from 
accidental cases of genuine plant hybridity and mutation. 
Anecdote and tall tale were the common data of genetics 
until well into the latter part of the eighteenth century. 
At that time the rise of professional breeding and the 
growing interest in the importation of valuable food and 
drug plants began to place emphasis upon controlled ex- 
perimentation. The idea of selective livestock breeding 
arose in England during the early phases of the Industrial 
Revolution when the multiplying towns began to demand 
meat and dairy produce on a large scale. What emerged, 
and stimulated practical improvement in livestock, was 
the shift from purely local subsistence farming to the prof- 
itable business of supplying the food and wool needs of 
the new industrial towns. All of these purely economic 
factors greatly stimulated experimentation among com- 
mercial breeders. Darwin, who had come from the coun- 
try, early showed a shrewd instinct for merging the theo- 
retical with the practical when he began his intensive 
perusal of horticultural and livestock journals, 
If we are to get clearly in mind the difference between 
the genetics of Darwin’s day and the sort of problems 
8E. B. Poulton in Essays on Evolution, Oxford, 1908, p. 56, 
suggests seventeenth-century Puritan influence. 


® Conway Zirkle in The Beginnings of Plant Hybridization, 
per eae 1935, gS, gives an extended historical account of fantastic 
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which began to emerge toward the close of the century 
we must remember that all the great cytological work 
upon cell mechanisms was unavailable to both Darwin 
and Mendel. Their observations were confined to direct 
breeding experiments, or what they could learn from 
others. Mendel, as we have intimated, approached the 
problem in a quite different way from Darwin and proved 
to be the better experimentalist. Perhaps he was fortunate, 
so far as his experiments went, in not being a famous man 
already laboring under a point of view. 

We have already learned the general nature of Dar- 
win's beliefs. Here we are concerned only with the con- 
trast he was later to make with Wallace on the one hand 
and, later on and posthumously, with the Mendelians on 
the other. Just as in the case of Darwin's evolutionary 
thinking, it is not always easy to isolate, out of the vast 
mass of his accumulated examples, the precise outlines of 
his genetic ideas. It is very commonly stated that Darwin 
believed in blending inheritance, while Mendel suc- 
ceeded in demonstrating the reality of particulate inher- 
itance. This appears to me a mild oversimplification of a 
more complicated situation. The confusion is emphasized 
when one comes to remark that Romanes, in discussing 
Darwin's views a few years prior to the rediscovery of 
Mendel, classifies Darwin's theory of heredity as a partic- 
ulate one.?” | 

Actually it would seem that the case might be better 
put as follows. Prior to the emergence of the critiques of 
A. W. Bennett and Fleeming Jenkin it would appear that 
Darwin had taken a great deal of the genetics of his day 
for granted. His primary interest, because of his evolution- 
ary studies, lay in the field of variation. In the first edition 
of the Origin he simply states that the laws governing in- 


10 G, J. Romanes, Darwin and after Darwin, Chicago, 1897, Vol. 
+P. 45. E. S. Russell in The Interpretation and 

sy ate 1890. P. Sonk tr ane ee 
poet 
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heritance are quite unknown, though he is vaguely aware 
of phenomena that today would go under such categories 
as sex-linked inheritance, or dominance and recessiveness. 
He confesses that variability is governed by unknown 
laws, but he realizes that this variability is without sig- 
nificance unless its benefits can be retained and ac- 
cumulated through heredity. Drawing upon the forceful 
analogy of domestic breeding he professes to see no limit 
to the transmuting power of nature. 

As one studies this first edition of the Origin one can 
see that in spite of the author's enthusiasm for natural 
selection he is rather careful to mention all factors which 
could conceivably play a part in organic change. As we 
have remarked, he remains, in this sense, a transitional 
figure. His genetics is essentially that of the shrewd out- 
of-doors observer. He is neither particulate in any precise 
sense, nor does he incline totally toward blending con- 
ceptions of inheritance. In reality he is occupied with just 
two things: variation and natural selection. He is think- 
ing about evolution and his views have not yet been 
proved vulnerable by means of heredity. It was the attack 
launched by Jenkin and Bennett that forced Darwin into 
a more elaborate treatment of genetic mechanisms and 
led eventually to a retreat down one of the pathways he 
had left open for himself. The retreat was not dictated 
through Jenkin’s criticism alone. His troubles were aug- 
mented by events in the field of geophysics which we will 
chronicle in the next chapter. 

When Jenkin penned his attack on natural selection it is 
quite obvious that he had found a loophole which Dar- 
win, who was not mathematically gifted, had entirely 
overlooked. In brief, Jenkin simply took the position: 

1. That it was not possible in domestic breeding to push 
a strain beyond a certain point of maximum efficiency for 
a given character. In his analysis of this problem Jenkin 
appears to have theoretically anticipated the later dis- 
coveries of Johannsen in the field of fluctuating variation. 
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In this, however, he was ahead of his time and the de- 
bates which would later emerge around that subject. The 
attack which really shook Darwin was: 

2. The argument that a favorable mutative sport eat 
be “utterly outbalanced by numerical inferiority.” Since 
the unblending character of Mendelian units was un- 
known, Jenkin’s position was simply that a single favora- 
ble mutation would soon be swamped out and by degrees 
obliterated in any population group in which it occurred. 
Since the favored animal or plant would presumably be 
mating with its normal fellows, the rare variation would 
not long survive. As a potent example Jenkin advanced 
the hypothetical case of a single well-endowed white 
man being cast ashore on an island inhabited by Negroes, 
No matter how much power he might attain among them, 
the tribe would certainly not become white because of his 
presence. The only answer, ignoring for the moment 
Mendelian genetics, is to postulate a large group of ani- 
mals mutating in a similar direction and contemporane- 
ously. Jenkin points out this alternative, though, as he 
justly observes, it results in an evolution which is no longer 
the product of chance and selection but rather “a theory 
of successive creations.” The fortuitous element involved 
in natural selection disappears and one is immediately 
confronted, not with accident, but an orthogenetic and 
controlled movement in a single direction. Darwin was 
sufficiently impressed by this argument that, although 
he did not abandon his book, he incorporated into it the 
Jenkin alternative suggestion and began at the same time 
a retreat toward habit and use-inheritance which it is ob- 
vious he now saw as a refuge from the corner into which 
he had been forced by Jenkin. A. W. Bennett pressed the 
same advantage in another paper three years later in 
Nature“ and Herbert Spencer, one of England’s pre- 


11 “The Theory of Selection from a Mathematical Point of View,” 
Nature, 1870, Vol. 3, pp. 30-31. 
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Darwinian evolutionists, reiterated the Jenkin position as 
late as 1893. 

The final edition of the Origin contains, in the light 
of Jenkin’s views, some quite surprising comment. “There 
must be some efficient cause for each slight individual 
difference,” Darwin says, “as well as for more strongly 
marked variations which occasionally arise; and if the un- 
known cause were to act persistently, it is almost certain 
that all the individuals of the species would be similarly 
modified.”*8 (Italics mine. L.E. ) In those lines Darwin has 
assumed the Jenkin argument which permits the reten- 
tion of evolution but at the price of fortuitous variation. 
One line further, however, and we encounter the conten- 
tion that he has underrated “the frequency and impor- 
tance of modifications due to spontaneous variability.” 

Darwin with his gift for compromise has here accepted 
both a point of view which, if pursued, would be meta- 
physically fatal to his system and, at the same time, has 
stepped up the pace of variation to try to overcome the 
logic of Jenkin’s argument. The number of these con- 
cealed contradictions makes the later editions of the 
Origin instructive but difficult reading. For clarity and 
reasonable consistency the first edition is by far the most 
satisfactory. 


III Pangenesis 


In 1868 Darwin published the Variation of Animals and 
Plants under Domestication. In it, for the first time, he 
set forth a theory of inheritance to which he applied the 
term “pangenesis.” This theory actually implies a type of 
particulate inheritance, although Darwin’s concern over 
Jenkin’s paper quite obviously reveals that this assump- 
tion of blending inheritance raised no question in his 

12“The Inadequacy of Natural Selection,” Popular Science 


Monthly, 1893, Vol. 42, p. 807. 
18 Modern Library ed., p. 155-56. 
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mind in 1867. Pangenesis, however, is a theory of particu- 
Jate inheritance beginning at the other end, so to speak, 
of the problem Mendel pursued. It begins, that is, with 
the assemblage of another potential individual from the 
body cells of an existing organism. It is not an idea 
originating with Darwin by any means; it runs all the way 
back to the Greeks,1* but Darwin’s elaboration of it is an 
indirect escape from such problems as Bennett and Jenkin 
had formulated. 

Darwin assumed that the cells of the body throw off 
minute material particles and that these particles, “gem- 
mules,” he calls them, are gathered from all parts of the 
body into the sexual cells of the organism. Darwin thus 
assumes that the sexual cells contain only what is rep- 
resented in the living body—or primarily so—and the 
particles they receive upon fertilization. Every character 
thus comes from the somatic, or body, tissues, and the 
germ cells contain only what is brought to them by the 
blood stream from all parts of the body. The germ is 
merely a device to create a new body out of the mingling 
of the particles of the parents’ bodies. 

Darwin’s germ materials are thus developed anew with 
every living individual. This is in marked contradiction 
to later theories about the inviolability of the germ plasm. 
It permits any somatic modification during an individual's 
lifetime to be represented in his germ cells, It is, in other 
words, a Lamarckian device ensuring the inheritance of 
adaptive modifications in unending succession. That Dar- 
win should have proposed this theory indicates, not alone 
how inadequate natural selection had come to seem to 
him, but how truly transitional, in retrospect, we can ob- 
serve his thinking to be. He is half modern, half experi- 
mental, yet in times of difficulty he is capable of obscure 
retreats in the direction of eighteenth-century concepts. 
August Weismann (1834-1914), the man who reversed 
the trend of particulate studies, and who has been termed 


14 M. J. Sirks, General Genetics, The Hague, 1956, p. 49 ff. 
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the first original evolutionist after Darwin,!> has himself 
remarked that he would probably never have been led to 
deny the inheritance of acquired characters if it had not 
been for the impossible complications involved in “the 
giving off, circulation, and accumulation of gemmules.”** 

In spite of the fact that Weismann remained sufficiently 
hypnotized by the omnipresent Darwinian shadow to 
postulate a “struggle” among the determiners in the germ 
cell, he actually diverted the study of evolution into the 
pathway which has led on to the great modern advances 
in the field of genetics. We have seen that Darwin's de- 
terminers were supposed to arise in the body cells and to 
carry, in some mysterious manner, the image of their par- 
ticular body region compacted into a newly produced 
germ cell. 

Weismann, on the other hand, reversed the attention 
which had been directed to the body as a source of varia- 
tion, and concentrated his attention upon the germ itself 
as the source of emergent change. He postulated a germ 
plasm which was basically immortal and inviolable. By 
this he meant that the reproductive cells are isolated early 
and are passed along unchanged from individual to in- 
dividual in the history of the race. By “unchanged” is 
meant unaffected by exterior environmental influences. 
All changes which emerge in the phylogeny of a given 
organism must therefore emerge from the alteration or 
elimination of particular hereditary determiners within 
the germ plasm itself, not from “messenger” determiners 
carried into the germ from sources in the adult body. It 
has been said by many modem writers that Weismann 
carried this inviolability principle too far, but it should 
be remarked in simple justice that since his works are no 
longer read in great detail, his own qualifications upon 
this point have been forgotten. He was willing to concede 
that the germ plasm was probably not totally isolable from 

18 Mendel, af course, being unknown. 

16 Essays upon Heredity, Oxford, 1892, Vol. 2, pp. 80-81. 
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influences penetrating it from the body, but that such in- 
fluences “must be extremely slight.”17 It must be remem- 
bered that Weismann was combating Darwin’s notion of 
a great stream of “messengers” entering the germ plasm 
from the body itself. There is no reason to think that 
Weismann, if he were alive today, would find it necessary 
to cavil over mutations produced in the germ plasm by 
radiation or by other similar powerful forces exerted upon 
the body. 

In summary then, we may say that while it has long 
since been disproved that the determiners engage in a 
struggle for existence within the germ cell, the main fea- 
tures of Weismann’s system have been retained as the ac- 
tual basis of modern genetics. Germ cells come from other 
germ cells and are not derived from body cells. Germinal 
continuity is complete, but not somatic continuity. This is 
the reverse of Darwin’s position, and Weismann’s victory 
over the conception of pangenesis marked the declining 
influence of Lamarckian theories of inheritance, As Weis- 
mann himself commented, “The transmission of acquired 
characters is an impossibility, for if the germ plasm is not 
formed anew in each individual but is derived from that 
which preceded it, its structure and above all its molecular 
constitution cannot depend upon the individual in which 
it happens to occur. . . .”18 He also correctly recognized 
that sexual reproduction with its reshuffling of hereditary 
characters in every generation is really a remarkable de- 
vice for promoting variability—new character combina- 
tions which may have selective value in the struggle for 
life. This observation was made possible by the slowly 
growing knowledge of cell mechanics to which the Ger- 
man workers of this period made such notable contribu- 
tions.!® So greatly does the sexual division promote new 


17 Op. 5 rll OM 170. 
18 Ibid, 
19 The A shee in cell-staining techniques in Germany were 
eeeeihis far’ ath advances ia chislosyt Bais hadtobeaved 
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and individual combinations of characters that, without 
including any new mutations at all, it still contributes 
greatly to the potential evolutionary variability of any 
species. 

Weismann’s centering of emphasis upon a germ plasm 
out of which arose variation which was manifested in the 
living organism, and the failure of experiment to validate 
Darwin's pangenesis, led directly to the renewed experi- 
mentation which eventually culminated in the rediscovery 
of the lost work of Gregor Mendel, Before discussing the 
nature of that work, however, it is necessary to examine 
in a brief way just what Darwin, Wallace, and Weismann 
meant by variation. As we will see a little Jater, modern 
genetics, beginning with Mendel, has envisaged this prob- 
lem differently from the way it was treated earlier in the 
century. The truth is that the Darwinists lumped under 
the term “variation” a great range of bodily differences 
about which they knew nothing whatever. They assumed 
that these characteristics were heritable—natural selection 
has no meaning without such inheritance—and that “varia- 
tion and heredity,” as Hogben says, “were coextensive 
processes.”2° Offspring were always a little different from 
their parents, the line of evolution was constantly in mo- 
tion and constantly subjected to the selective attrition of 
the struggle for existence. As someone cleverly remarked, 
the species was always swallowing its tail. The normal 
curve of distribution for a given character was constantly 
being advanced on one side toward greater efficiency, and 
similarly suffering erosion from the side of the less effec- 
tive. A stable species, in other words, was merely an il- 


the behavior of chromatin and examined mitosis. He believed that 
the secret of heredity was incorporated in a particulate manner 
within the nucleus. Following Roux’s lead Weismann glimpsed 
the role of the chromosomes in carrying what today we would 
call ie He also predicted in 1887 the reduction division which 
was on to be established for meiosis. 

20 L. Hogben, Genetic Principles in Medicine and Social Science, 
New York, 1932, p. 167. 
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lusion created by the constant, slow pruning effect of 
natural selection. 

This idea, in spite of other differences, is common to 
Darwin, Wallace, and Weismann. There was no clear 
comprehension that not all somatic variation is heritable. 
Thus the Darwinists tended to conceive of evolution as a 
continuous process. Even an organism which appears to 
be standing still, like some living fossils, is actually in a 
kind of dynamic balance. Its apparent resting state is 
really produced by the fact that selection is holding the 
norm of the species at a given spot instead of thrusting it 
forward. The modern interpretation of evolution and 
variation does not totally equate with this point of view. 
When we use the term “variation,” our meaning is some- 
what different from that of the Darwinists. 


IV Artificial Selection and the Evolutionists 


All through the earlier portion of the nineteenth cen- 
tury, and indeed the latter portion of the eighteenth 
century as well, evolutionists had had recourse to domes- 
ticated animals and plants as suggesting the mutability of 
biological form. Special creationists, even, had had to 
recognize a certain degree of plasticity in life whether 
wild or tame, but they had regarded this plasticity as 
being confined and demarcated. Species, sammelarten, as 
the Germans would say, were receptacles containing a 
range of varieties, but the species was the original created 
entity. The evolutionists, by contrast, had insisted that the 
species barrier was an illusion, that given time and op- 
portunity the species, in Wallace's convenient phrase, 
would “depart indefinitely” from its original appearance. 
Buffon hinted at the possibility; Lamarck expressed it; 
Darwin used the whole process of artificial selection from 
which to develop, by analogy, his principle of natural 
selection. “The possibility of continued divergence,” he 
remarked, “rests on the tendency in each part or organ 
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to go on varying in the same manner in which it has al- 
ready varied; and that this occurs is proved by the steady 
and gradual improvement of many animals and plants 
during lengthened periods.”* While Darwin was not un- 
aware of what today we would call macro-mutations, or 
saltations, he was inclined to believe that in a state of 
nature, particularly, smaller changes operating by degrees 
were the main instrument of change.”* Wallace, in a rather 
unguarded moment when he was attempting to counter 
the weight of the Jenkin-Bennett argument, speaks of the 
“powerful influence of heredity, which actually increases 
the tendency to produce the favorable variations with 
each succeeding generation. . . .”** The metaphysical im- 
plications of this remark are about as “unDarwinian” as 
some of Darwin's statements in this same period. 

Neither Wallace nor Darwin had any experimental 
data which would enable them to distinguish between 
purely somatic, non-heritable variation and change of the 
genuine mutative variety. Darwin did have some notion 
of the complexities of inheritance, and it is not quite ac- 
curate to say that his notions of heredity were as simple 
as mixing water and ink. His knowledge, he well knew, 
was clouded and obscure: 

“The germ. . . becomes a. . . marvelous object, for be- 
sides the visible changes to which it is subjected, we must 
believe that it is crowded with invisible characters, proper 
to both sexes, to both the right and left side of the body, 
and to a long line of male and female ancestors sepa- 
rated by hundreds or even thousands of generations from 
the present time; and these characters, like those written 
on paper with invisible ink, all lie ready to be evolved 
under certain known or unknown conditions.” 

21 Charles Darwin, Variations of Animals and Plants under 
Domestication, New York: Orange Judd & Co., 1868, Vol. 2, p. 300. 

22 Ibid., pp. 306-7. 

23. A. R. Wallace, “Natural Selection—Mr. Wallace’s Reply to 
Mr. Bennett,” Nature, 1870, Vol. 3, p. 49. 

24 VAP, Vol. 2, p. 80. 
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Arguments for a lessened antiquity for the globe began 
to mount as nineteenth-century physicists applied their 
calculations to the age of the earth, It is interesting to see 
that Darwin, who had once been quite casual as to time, 
shows an increasing interest in stories which suggest visi- 
ble change in the present. He quotes, in the Descent of 
Man, the story of an American hunter who asserted that 
in a certain region male deer with single unbranched ant- 
lers were becoming more numerous than the normal 
variety. In reality the bucks were all yearlings with their 
first antlers, and the observer had been self-deceived.”® 

The story is less important than the glimpse it affords 
into Darwin’s mind. Although he had written much about 
the minute, age-long increments involved in evolutionary 
change, it is clearly apparent that some of these apocry- | 
phal anecdotes possessed a strong appeal for Darwin. 
There was an understandable desire to show the process 
of evolution in operation, even as one tried to explain why 
it could not actually be seen. It is not surprising that 
Darwin occasionally succumbed to this temptation and 
was, in spite of a judicious temperament, a little too easily 
tempted by “spiked buck” stories. They fitted in well with 
his notions of the way in which domestic animals were 
altered. We come now, however, to a peculiar fact. 
It would appear that careful domestic breeding, whatever. 
it may do to improve the quality of race horses and cab- 
bages, is not actually in itself the road to the endless bio- 
logical deviation which is evolution. There is great irony 
in this situation, for more than almost any other single fac- 
tor, domestic breeding had been used as an argument for 
the reality of evolution. Its significance, however, is some- 
what deceptive and capable of misinterpretation. 


25 J. T. Cunningham, “Organic Variations and Their Interpreta- 
tion Nature, 1898, Vol. 58, p. 594. 
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V Mendes Contribution 


In 1900 Correns, Tschermak, and De Vries, all work- 
ing independently along the lines which Weismann and 
others had brought under examination, rediscovered the 
lost principles and lost paper of Mendel. The mere fact 
that three workers, after the long lapse of years, turned 
the jittle document up at the same time suggests that 
biological science was just reaching the point where Men- 
del’s work could be appreciated. We have seen that 
Weismann had dealt with the germ plasm from “inside,” 
that he did not accept pangenesis. Mendel, though cyto- 
logical methods were unknown to him, had, years earlier, 
used essentially the same approach. By carefully con- 
trolled experiment he sought to trace particular characters 
of the adult through successive generations, to find out 
whether such characters remained the same, mixed, or 
disappeared. As he himself commented in the introduc- 
tion to his paper, “Among all the numerous experiments 
made [prior to his time] not one has been carried out to 
such an extent and in such a way as to make it possible 
to determine the number of different forms under which 
the offspring of hybrids appear, or to arrange these forms 
with certainty according to their separate generations, or 
definitely to ascertain their statistical relations.”26 Bateson 
observed that these primary conceptions of Mendel were 
absolutely new in his day. There is a surgical precision 
about Mendel’s procedures which is in marked contrast 
to the bunglesome anecdotal literature which fills so much 
even of Darwin's treatment of the subject. By selecting 
from a variety of pea plants a series of easily observable 
and identifiable characters, Mendel began his experi- 
ments with attention focused upon what happened to 
these characters in the course of their passage through 
several generations, The details of the experiments need 


28 Mendel’s paper is reproduced in W. Bateson’s Mendels 
Principles of Heredity, dge University Press, 1913. 
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not concer us here, but the results, from the standpoint 
of evolution, were spectacular. _ 

Mendel had established for a series of plant characters 
the fact that they passed through the germ cell as units. 
Such units did not mix with other units, though it was 
found that certain characters might be suppressed in a 
heterozygous individual and re-emerge only in a homozy- 
gous one. All of these facts depended on gametic segrega- 
tion. They had nothing to do with pangenesis, nothing to 
do with the kind of selection Darwin and Wallace had 
been largely concerned with. Jenkin’s “swamping out” of 
@ new mutant character could not take place so long as 
the individua] had offspring. The units were particulate 
and unalterable except by actual mutation, A character 
could be carried and could be spread even if recessive. 
If it had survival value, its diffusion could be rapid. 

Mendel challenged directly the Darwinian idea that 
cultivated plants had, in some manner, been made more 
“plastic” and variable. “Nothing,” he says, “justifies the as- 
sumption that the tendency to the formation of varieties 
is so extraordinarily increased that the species speedily 
lose all stability.” Instead of this assumption, Mendel 
draws upon his new discoveries to suggest that most cul- 
tivated plants are actually hybrids, mixing back and 
forth and showing the unit character ratios which such 
origins would suggest. The close proximity of domesti- 
cated forms promotes the opportunities for hybridism. 
Thus the fluctuating variability which Darwin sometimes 
attributed to the indirect factors of climate, soil, and 
other influences could not all be regarded as due to the 
emergence of new evolutionary characters. Much of the 
supposed new was old, but variable in its phenotypic ex- 
pression. Mendel had shown that the vast array of living 
characteristics was controlled by mathematical laws of 
assortment, and biological units (genes) were transmit- 
ted independently. “The course of development,” he re- 
marked, “consists simply in this, that in each successive 
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generation the two primal characters issue distinct and 
unaltered out of the hybridized form, there being nothing 
whatever to show that either of them has inherited or 
taken over anything from the other.”27 Heredity and var- 
iation in the old Darwinian sense could, therefore, not be 
synonymous. The unit factors had a constancy which the 
Darwinians had failed to guess.?® 


VI Johannsen and Variation 


We have seen that the Darwinian evolutionary mecha- 
nism was one involving the constant selection of small 
variations which were assumed to be numerous and in- 
heritable, For a long time they were pretty much taken 
as given, and little or no attempt was made to determine 
what lay back of them, or whether all variation actually 
arose from the same cause. William Bateson, one of the 
first active Mendelian researchers, put the matter suc- 
cinctly when he said: “The indiscriminate confounding of 
all divergences from type into one heterogeneous heap 
under the name ‘variation’ effectually concealed those fea- 
tures of order which the phenomena severally present, 
creating an enduring obstacle to the progress of evolu- 
tionary science.”?° It was Mendel's contribution to have re- 
vealed that not all variation was new in the sense of just 
emerging. Furthermore, the revelation that discrete un- 
blending hereditary units existed which might be studied 
cytologically as well as through breeding experiments 
swung interest in new directions. Hugo De Vries, whom 
we shall discuss in the following chapter, seized public 
attention by his advocacy of rapid species alteration 
through sizable changes, speciation really, by sudden 
saltations or jumps, This doctrine in its extreme form was 
fated to be modified, but it cannot be denied that his em- 


37 Cited by Hugo Iitis, Life of Mendel, New York, 1932, pp. 147- 
28 Ibid, Ip. 178-79. 


20 “H ty and Evolution,” Popular Science Monthly, 1904, 
Vol. 65, p. 524. 
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phasis upon the distinction between minor “fluctuating 
variations” and “discontinuous” variability, to which he 
applied the term “mutation,” greatly stimulated research. 
Among the results of that research was the discovery of 
the Danish scientist W. L. Johannsen that the more or less 
constant somatic variations upon which Darwin and Wal- 
lace had placed their emphasis in species change cannot 
be selectively pushed beyond a certain point, that such 
variability does not contain the secret of “indefinite de- 
parture.” 

The Belgian anthropologist Lambert Quételet (1796- 
1874) observed in 1871 that for almost any biological 
character, height for example, one could erect a frequency 
distribution curve, provided a statistically adequate sam- 
ple was available. There would be a scattering of indi- 
viduals on either side of the norm and the extreme 
variants would lie at either end of the frequency curve. 
There is, in other words, an oscillation in a given popula- 
tion group around a mean value for any biological char- 
acteristic that we may choose to examine, It was this type 
of fluctuating variation which the Darwinian school had 
assumed might be “selected,” either artificially or natu- 
rally, by the simple expedient of eliminating organisms 
at the lower end of the curve and selecting the individ- 
uals at the upper end of the curve for breeding purposes 
until the norm was moved forward. The breeder, it is true, 
can do certain things in this regard, but his effects are 
limited in a way the Darwinians were not in a position 
to foresee. 

By selecting pure lines of beans, Johannsen anticipated 
that by raising beans from large bean seeds and from 
small and intermediate types he would obtain a series of 
different norms of size from his several plants. In this he 
failed. Whatever the size of the bean used, the progeny 
continued to fluctuate about a norm. Selection had had 
no effect in modifying the character of the norm. These 
variations in bean size were purely somatic, that is, they 


149 


Loren Eiseley 


had no connection with genetic factors, but instead ap- 
parently represented accidentally favorable or unfavora- 
ble growth conditions. 

There is another factor which is concerned in the suc- 
cessful artificial breeding of both animals and plants. 
Johannsen did find that in spite of the somatic norm in- 
dicated by the frequency distribution of his pure lines of 
beans, there were also distinct means in separate lines of 
beans. This represented a true hereditary component. If 
we breed for large beans, say, or the fastest race horses, 
we are selecting out a stock which contains hereditary 
unit factors favorable to our intent. By constant selection 
we perfect a relatively pure line for the given effect we 
wish to produce, Through judicious mating we may even 
introduce new elements into the complex. Basically, how- 
ever, our efforts are limited to what exists genetically in 
the stock. By careful manipulation we may draw cer- 
tain characters to the surface or combine them with 
others.°° We can, however, produce only what is poten- 
tially contained within a given line. Beyond this the 
breeder can do nothing but wait upon those incalculable 
events known as mutations, which appear spontaneously. 
For example, Johannsen at one point in his experiments 
observed that the range shifted in an unexplainable man- 
ner in one of his true lines. It was a true mutative event 
—a new factor had been introduced. 

The result of Johannsen’s studies of 1903 and Jater was 
to demonstrate conclusively (1) that organisms with the 
same genotype (ie., genetic composition) could differ 
phenotypically, that is, in their physical appearance; (2) 
that the selection of phenotypic characters without a ge- 
netic base would not yield hereditary change; (3) that 
selection of hereditary characters could induce some de- 
gree of physical alteration but the effect would attenuate 


%0 Raymond Pearl, “The Selection Problem,” American Nat- 
uralist, 1917, Vol. 51, pp. 65-91. 
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and halt unless there were added mutations which are 
sometimes forthcoming and sometimes not. 

For a time there was an understandable feeling that 
Darwinism was moribund. This was due partly to the dis- 
covery that certain of the variations upon which Darwin 
had depended were non-heritable, partly to the feeling 
that new changes emerged suddenly and were not the 
result of a slow accretion of characters. By degrees, how- 
ever, the latter notion gave way. It began to be realized 
that there were small mutations as well as large, which 
would produce an effect not greatly different from the 
kind of continuous evolution Darwin had visualized. Thus 
the word “mutation” began to take on its modern mean- 
ing.* The word “macro-mutation” fits better today the 
kind of evolutionary leaps which, under De Vries’s in- 
fluence, were heavily popularized in the first few years 
of the twentieth century. In this period there was, for a 
brief time, a line drawn between the significance of large 
and small variations, but it was a line which could not 
be maintained. 

As the century progressed, biological thought swung 
around to the opinion that however wrong Darwin may 
have been in certain details, he had been justified in his 
view that small changes are less apt to be detrimental to 
the organism and are the more likely mode of evolutionary 
change.*? Nevertheless, in contemplating the Darwinian 
rejuvenation, it is well to remember a forgotten observa- 
tion of Jacques Loeb, one of the finest experimental biolo- 
gists of the early decades of this century. He commented 
that one of the greatest peculiarities of the Darwinian 
period was the seeming scientific indifference to the ac- 
tual visible demonstration of specific change. The draft of 


81 T, H. Morgan, “For Darwin,” Popular Science Monthly, 1909, 
Vol. 74, p. 375- 

82 H. J. Muller, “On the Relation Between Chromosome Changes 
and Gene Mutations” in Mutation. R eport of Sym hoe NY June 
15-17, 1955, Brookhaven National Laboeatiey, N. Y.,. pp. 
134, 142. 
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limitless time at the Darwinists’ command led them to 
assume that the process was too slow to be observed at 
all. That this troubled Darwin, particularly after the time 
scale began to be shortened, we can see from stories such 
as the account of the spiked buck. The literature, how- 
ever, remained largely polemical. It was therefore an 
enormous leap forward when Hugo De Vries proposed his 
“mutation” theory and demonstrated hereditary changes 
of form, The rediscovery of Mendel at this time with his 
evidence for the actual existence of specific hereditary 
determiners marked, as Loeb says, “the beginning of a 
real theory of heredity and evolution.” Even though some 
of De Vries’s thought was later to be repudiated, and 
though Loeb was writing in the period of uncritical en- 
thusiasm for De Vries’s discoveries, we may, I think, with 
little reservation, endorse this final remark: “If it is at all 
possible to produce new species artificially I think that 
the discoveries of Mendel and De Vries must be the start- 
ing point.”8 , 

In the next fifty years Mendel’s principles were ex- 
panded to cover many organisms, both plant and animal. 
Mathematical tools elaborated by such men as Fisher, 
Sewall Wright, aud others were introduced to handle the 
theoretical genetics of entire populations. It was discov- 
ered that certain types of mutations occur over and over 
again in particular stocks, and thus by inference it was 
possible to assume that a certain reservoir of variability 
was always at hand in particular species—a reservoir pos- 
sibly contributing to organic change in times of shifting 
conditions, Certain kinds of genetic mutation were found 
more likely to occur than others.* 

Cytology continued to press farther and farther into the 
ee te Recent Development of Biology,” Science, 1904, n.s. Vol. 

» Pe p 

Thomas Hunt Morgan, “The Bearing of Mendelism on the 
Origin of Species,” Scientific Monthly, 1923, Vol. 16, p. 247. See 


also W. E. “Mendel’s Laws of Heredity,” Science, 1903, n.s. 
Vol. 18, p. 404. 


132 


Part Ill * The Priest Who Held the Key to Evolu 


mysterious mechanics of the nucleus and the cytoplasm. 
Finally, today, mutations are being artificially induced by 
various types of radiation and chemical agents. All this, 
however, is a book-long story in itself. There is still much 
that is unknown: the cellular location and nature of the 
great mechanisms that control the structure of phyla and 
classes escape us still; we know far more about fruit flies 
than men. It is strange, now, to walk through the labora- 
tories and encounter the warming signs before radiation 
experiments, and to think of Mendel among the droning 
bees and flowers in the monastery at Brinn. “My time 
will come,” he had said to his friend Niessl. “My time will 
come.” Perhaps, as others had heard the sound of change 
and the flow of waters in the night, Mendel had learned 
from those tiny intricate units that shape a flower’s heart 
something of the elemental patience that holds a living 
organism to its course while mountains wear away. “My 
time will come,” he said. It was the indefinable echo of 
another century in the air. | 
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l The Discovery of DNA 


Contrary to popular belief, the discovery of 
the chemical structure and biological function of deoxyribonucleic 
acid (DNA) did not occur within the past several years and was not 
accomplished by a small, select group of scientists. In fact DNA was 
discovered more than one hundred years ago; but only compara- 
tively recently have we begun to appreciate the significance of that 
discovery. Solving the problems of DNA was similar to the tedious, 
painstaking work involved in assembling the many isolated pieces of 
a large jigsaw puzzle. A great number of scientists working in a variety 
of fields contributed to the final outcome, but few ever received any- 
thing more significant than the personal satisfaction of having been a 
participant. The most recent steps appear particularly exciting because 
they were made at a time when a sufficiently large portion of the 
puzzle had been completed to suggest a tantalizing view of the solu- 
tion. The puzzle began, however, with the discovery of DNAin 
1869. 

This discovery, one of the most significant scientific accomplish- 
ments of the nineteenth century, 
reported until more than two years later. This unusually long delay 
’ was caused by the reluctance of an older and better known scientist 
to publish novel observations made in his own laboratory until he had 
personally confirmed them. Felix Hoppe- Seyler, then forty-four years 
old, was at the height of his scientific career. 
discoveTEO MBM, was only twenty-five and unknown. Miescher had 
not become involved in physiological-chemical research entirely by 
chance. Both his development and trairing ay been closely supervised 
by his father Johann F. Miescher and his uncle Wilhelm His, each of 
whom was a well-known physician and scientist. 

The elder Miescher was born on March 2, 1811, in Walkringen in 
the Swiss canton of Bem. As a young man he rejected his parents’ 
advice to enter the family linen business and instead decided to study 
medicine. He began his studies in Bern, after which he moved to Berlin 
and joined Johannes Miller as one of his earliest students. Among 
Miiller’s other students who would also become famous biologists 
were Rudolph Virchow and Theodor Schwann. Miescher’s reputation 
was assured after his novel studies on bone and bone inflammation. In 
1834, to increase his social standing and prestige, Johann Miescher 
purchased for the sum of 1600 Swiss francs the right to become'a 
citizen of Burgdorf. From 1837 to 1844, he held the post of professor 
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Fienre 1.) Wilhelin His (courtesy of the National Library of Medicine). 
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, recrogee: 


Figure 1.2 Friedrich Micscher (courtesy of the National Library of Medicine). 
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of anatomy and physiology at the medical school in Basel, Switzer- 
land. In 1843, he married Charlotte Antonie His, a citizen of Basel, 
thereby simultaneously gaining both a wife and the right to become 
an honorary citizen of Basel without any additional payments. 

The His family was descended from Peter Ochs of Basel, an ack- 
nowledged statesman and historian of French ancestry. At the begin- 
ning of the nineteenth century strong anti-French sentiment was 
prevalent in Switzerland, and Ochs, recognizing that his family had 
been associated with French interests, changed his name to His. Char- 
lotte’s brother Wilhelm was a noted embryologist and histologist who 
held the position of professor of anatomy and physiology in Basel 
from 1857 to 1872 (figure 1.1). 

(figure 1.2) was born in Basel on August 3, 
1844. About this time his father accepted a position as professor of 
pathologic anatomy and hospital physician in Bern, but the family 
returned to Basel in 1850 where he continued to work as both a phy- 
sician and a teacher of pathological anatomy. Friedrich was the eldest 
of five brothers born between 1844 and 1851. Comments made by stu- 
dents who knew the Sie as el as Uy Wilhelm His, indicate that 
Mictchet remy: was ae OR in Basel a cope enjoyed 
a wide circle of friends. His wrote: 


More than half of Miescher’s immediate. contemporaries became out- 
standing even in the early years, some still as students and some as the 
result of their professional activities. But the most talented of these 
from the very beginning was F. Miescher and he was recognized as 
such by his fellow students. At the time he was shy to some degree 
and had some difficulty in communication, partly caused by a hard- 
ness of hearing which he acquired in youth. This however, did not 
prevent him from being the focal point of a youthful circle of friends 
which circulated around him... .? 


Friedrich decided to follow his father into medicine after the latter 
refused to allow him to follow his initial desire to become a priest. 
The greater part of Miescher’s studies was carried out at Basel Medical 
School, which he attended starting in 1863. During the summer of 
1865, Miescher spent one semester in Gottingen, where the university 
records indicate that his courses included practical chemistry with F. 
Wohler, as well as studies in microscopy, general pathology, and re- 
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lated medical courses.* On his return to Basel, Miescher contracted a 
severe case of typhus, which required several months of convalescence 
until autumn 1866. 

In spring 1868, Miescher completed his studies with what was rec- 
ognized as a brilliant doctoral dissertation. Shortly before this, 


Miescher debated with his father and uncle on his plans for the future. 


This was of particular concern because hearing difficulties prevented 
him from considering many branches of medicine: ‘“‘My hardness of 
hearing eliminates me from those medical functions in which auscula- 
tion and percussion are necessary and important in examining the 
disease and its causes. This includes the greater part of cases that fall 
under the scope of the general practitioner.’”’ Miescher further elimi- 
nated the specialties of surgery, obstetrics, gynecology, and laryngos- 
copy for this reason, as well as from a consideration that these 
specialties are ‘altogether contrary to my talents and more so to my 
inclinations.” But he had already concluded that “I have used my 
period as a student to prepare myself for the medical profession. I 
shall have to base my living on the practice of this profession, as I 


see no alternative.’’ What he saw as possible specialties fell in the realm 


of ophthalmology and otology. He wrote, 


The crown of these specialties is ophthalmology. The scientific 
grounding based on a thorough anatomical and physiological basis 
which is necessitated by this specialty,with accuracy of diagnosis 
based on a uniquely direct observation of the pathological tissue al- 
terations and the excellent successes of treatment make ophthal- 
mology one of the most rewarding and satisfactory medical activities, 
even in my eyes.° 


But, he continued, 


No matter how much [ had this objective in mind, however, I do not 
wish to deny that during my studies my gaze was directed toward an- 
other side. A decisi Ice ession was mM 


s, even though it did not get much stimulation from the teach- 
ing I received. . . . It was only with the lectures on physiology that 


the entire splendor of the research on organic matters became appar- 
rent... . It seemed to me that it was here that work was being done 
most directly on the tasks which in my opinion are essential in 
Science. car 
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It seemed to me that this was the task upon which I wished to col- 
laborate in some manner, and that such efforts would produce a satis- 
factory background for the future. 

... Ll already had cause to regret that I have had so little experience 
with the essential auxiliary sciences in physiology, namely chemistry 
and physics: one because of lack of facilities in the institutes, and the 
other because of a lack of mathematical training. For this reason, the 
actual narrower understanding of physiological facts sull remained ob- 
scure to me in some points. 


¥ I was soon brought back from the idea of a purely scientific or aca- 


demic career, if | ever entertained it at all, by a recognition of the 
limits of my talents. The possibility of basing my prospects of my 
material existence upon my future work as a scientific personality was 
one which J never considered. 

I believe, however, that a medical activity which centers around a 
narrowly limited specialty would allow a certain amount of time to 
engage in scientific work.? 


This letter from Friedrich to his father was subsequently passed to 
Wilhelm His for his views and opinion. His wrote in reply, 


... | believe that he overestimates the importance of special training 
in the same way that I myself did at one time. For example, I sce 
absolutely no reason to doubt his ability to work successfully in 
gencral physiology, or to conduct chemical research or even to work 
effectively as a general practitioner, because he appears to lack some 
of the necessary training for which acute hearing is not an essential 
necessity. .. . In view of the considerable mental talents which Fritz 
possesses, I am convinced that he will achieve success and satisfaction 
in any direction in which he will go with enthusiasm and courage. The 
first year of his activity may not give the full feeling of familiarity 

in the area in question. But if not in the first then in subsequent years 
that will come, for I believe it to be entirely impossible that anyone 
who works in a certain field earnestly and with energy will not finally 
achieve his own particular importance in the field in question. Self- 
confidence, however, is necessary for all things—not the confidence 
that one cannot ever make a mistake, but the confidence in oneself 
that by continuous work one will contribute one’s very best. No one 
can be equal to everyone else in all things, but everyone can, through 
certain aspects of his activity or through the particular combination of 
his activities, distinguish himself from others. This is what the value of 
the individual is based on. However, this feeling of individual worth 
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and individual ability, to which Fritz is entitled far more than many 
others, is one which he has to seek to acquire and make others aware 
of also. The fight for a career repeats itself continuously in science 
and in life in general. If we do not step forward with the consciousness 
that we are as good as anybody else, then we cannot hope to find that 
recognition in others since we do not feel it ourselves.* 


His proposed that young Miescher follow his inclinations into physi- 
ological research by returning to Gottingen for more chemistry 
courses and then traveling to Berlin to undertake actual physiological 
research with either Friedrich Wilhelm Kthne or Emil Du Bois- 
Reymond. In any case, he cautioned, if Friedrich entered a narrow 
area of specialty this early in his career it might be a hazard; it would 
be better, instead, to develop first a good general medical foundation 
and then, if necessary, a specialty. 

Miescher chose to follow his uncle’s advice but went to the Uni- 
versity of Tubingen, in southern Germany closer to Basel, instead of 
returning to Gottingen. In 1865, the University of Tubingen became 
the first university in Germany to create a faculty of natural science. 
Felix Hoppe-Seyler had established a laboratory of physiological 
chemistry there and had rapidly developed a reputation as a pioneer 
in the newly founded field of tissue chemistry. Miescher, after carry- 
ing out a few preliminary experiments in Basel, arrived in Tubingen 
in 1868 with definite plans for studying the chemistry of the cell. 
Certainly His’s advice to Miescher “‘that he choose the direction of 
histochemistry, since I had recognized again and again in my own 
histologic works that the final questions in the development of tissue 
could only be solved on a chemical foundation” was of decisive 
importance.° 


an a series of experiments by Louis Pasteur helped pave the way, 


once and for all, toward the realization that " ateantaggpet sand 


nonliving material. J Soh fhister' in ‘phaland showed that aigicel 
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infections could Be prevented if sutgeons used sterile techniques. 


se. These and similar 


ells devel peu (its 1858, raccian Virchow published studies support- 
ing as idea that the causes of diseases are to be found within cells and 
therefore have a spesiie organic basis. It was also Virchow who de- 
veloped the concept that cells arise only from other cells. In 1861, 
Max Shultze enunciated the modern idea of the cell by emphasizing 
the importance of protoplasm surrounding a nucleus. In 1866, Ernst 
Haeckel stirred further interest in the nucleus by suggesting that it 
contained the factors necessary for the transmission of heredity. 

Of course, unresolved Dy all of coe Fue was the most funda- 
mental question of all: What causes a ce live? Many believed that 
the movement and interaction of the Sornonents making up the 
nucleus and the protoplasm gave rise to life within the cell. This 
hypothesis implied that individual components could not be isolated 
and examined since doing so would alter their life-giving properties. 
On the other hand, there were pioneers such as Felix Hoppe-Seyler 
(figure 1.3) who were convinced that the study of the chemical and 
physical properties of individual components of the cell was possible 
and would eventually lead to a deeper understanding of the molecu- 
lar forces regulating cell life. Hoppe-Seyler’s father had died when he 


was nine years old, and upon being adopted by his guardian and 
piven -in- alas ni ie he added that name. Pte 


—_——-—» 


as 1840. © He was 6 first, however, to describe the characteristic 
interaction between hemoglobin and oxygen. -Hoppe- Seyler’s interests 


in the ond Hoppe- -Seyler believed that an understanding of the 
chemistry of these cells might lead to a better view of why pus formed 
during infection. These interests, coupled with Miescher’s desire to 
study tissue chemistry, evolved into an almost ideal collaboration of 
efforts. 

It is not generally known that Micechen initially chose to study the 
lymph cell.7~? In a letter dated February 26, 1869, he described his 
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By 


Figure 1.3 Felix Hoppe-Seyler (courtesy of the National Library of Medicine). 
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initial, tentative steps into physiological-chemical research: “In full 
agreement with Hoppe, I set ae the task of seeking information 
on the ition of lymphoid cells. I was fascinated by the thought 
of tracing the most generally valid conditions of cell life from the 
simplest and independent forms of animal cells. The nature and quan- 
tity of this study material in itself imposed certain limitations on my 
work. The cells in question could be obtained from lymph glands only 
with great effort and in small quantities. On the other hand it was 
possible to obtain fresh pus daily even though in small quantities.’’'° 
He obtained the discarded bandages from a nearby clinic and washed 
the pus cells from them. The success that Miescher achieved in these 
studies was due in great measure to the selection of pus cells as a 
sufficiently simple animal cell model for experimentation (figure 1.4). 
Today a study of pus cells would not be practical, for infections are 
relatively rare; in 1869, when the use of antiseptic techniques during 
surgery had not gained widespread acceptance and infections were 
quite common, human pus was available in plentiful quantities. 
Miescher encountered his initial technical problem in the first 
experiment with pus cells. How were the cells to be removed from the 
bandages and separated from the accompanying pus fluid or serum? 
While Hoppe-Seyler encouraged Miescher to tackle this work, he also 
was quick to point out the complete absence of methods of study 
for these questions, and Miescher’s very early difficulties clearly 
confirmed these views. The first salt solutions they tried caused the 
cells to swell so badly that they became an unmanageable mass. 
Eventually the use of a sodium sulfate solution, known as Glauber’s 
salt solution, allowed Miescher to isolate the cells more readily. ‘The 


Figure 1.4 Engraving of pus cells showng various stages of disintegration of the 
nucleus, done in 1867. 
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cells were well preserved, although the presence of cotton fibers from 
the bandages obstructed the study of certain cell substances. Nor was 
there sufficient cell material for studying cell metabolites that were 
present in small quantities. 


were motivated by an inte 
orm is goal was 


Miescher mote. er Irst a all an attempt wa ener to nents 
whether it was possible t : asm alon 
that is to say separately from the nuclear substances, without appre- 
ciable alteration in one or the other. Our hopes were pinned on the 
effects of salts. The most diverse earth and alkali salts were each tested 
in three or four concentrations and under constant microscopic con- 


trol, an ass time-consuming task.””'? Miescher found that im- 


a sted separable and 
thesdiscovery of DNA: “In the cunesiere with oak lit AHS ritias, 


rom n the Solutions by neutralization that 


among any of the protein substances known hitherto.”!? Earlier 
studies by others had suggested that pus cells contained a particular 
protein termed myosin, which had previously been isolated from 
muscle tissue. Careful testing and comparing of the behavior, in dif- 
ferent solutions, of muscle myosin to the “‘protein”’ that Miescher 

had isolated immediately convinced him that they were different. 

But where did the pus cell material come from? Was it derived from 
the nucleus or from the protoplasm? Examining the cells under the 
microscope, he noted that weakly alkaline solutions caused the nu- 
cleus to swell and eventually break open. Miescher stated, “According 
to this fact, known to some degree by histologists, the substance could 
belong to the nuclei and therefore fascinated me. The most rational 
approach was to prepare pure nuclei.” !? The possibility that this 
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material could be derived from the nucleus was already an important 
Nina observation. It aa that le 


To arene a Ber ewaration ff cameo — the 
large quantity of contaminating protoplasmic proteins, 

sought to develop techniques for the i from 
the remainder of the cell. Such a separation had not been carried out 
successfully before. Miescher first tried treating the pus cells, after 
removing them from the bandages, with dilute acid. He described his 
work in these words: 


Lng coin lets of cells witahaielaaealesic acid (and also with 
. Several weeks go by until ete goes 


ete Rien. The liquids do not settle and they filter very poorly; 

in brief, I was able to make no progress. ] therefore sought to prepare 
the substance directly from the cell, and to separate it from the other 
substances that go over into weakly alkaline solutions. But here I 
found myself in a quagmire, for there 1s 


the sharp separation of protein substances. I am well aware that the 
definition of these substances is very diverse and subject to dispute, 


and it is precisely the curse of these amorphous substances that 


Lang YS Ce LITT thal sepcaneaatiee- That is why 
genuine chemists avoid them so much. 


Miescher noted that 


if the acid-treated cells were shaken vigorously 
with ether and water, the incompletely degraded cells remained at the 


boundary line between the two immiscible fluids, while a fine powder 
sedimented to the bottom of the flask. Examination of this precipi- 
tate, obtained by filtering of the fluid, indicated the presence of nu- 
cCler.alhe however, was unsatisfactory, and 
Miescher searched for a more efficient method. Returning once again 
to a previous observation, he hypothesized that certain fluids con- 
taining a protein-digesting enzyme termed pepsin might be useful for 
breaking up pus cells, which were mainly protein in nature, and might 


permit a separation of the protoplasm from the nuclear elements. 
Thus, he first washed the cells with warm alcohol to remove the fatty 
materials that would interfere with the subsequent analysis. Then he 
prepared clearly filtered extracts of swine stomach, which were known 
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to be a good source of pepsin. The cells were treated with this solution 
for several hours. Aaa: ids paehd ed, grayish sediment 
ser ution. Onde eRe microscope Pihe 
scene ee these isolated nuclei 
were treated in the same manner as the original pus cell, that is with 
weakly alkaline solutions followed by acidification of the extract, 
the same precipitate was detected as first observed on the whole 
cell. This clearly indicated that the precipitated material had indeed 
come from the nuclear fraction of the cell. 

In late August 


TET CRE re 4 fo) ARSGneUih nuclein chemi. 
cally from other known cell substanc e undertook to determine its i Teas 


“This ES were rycen Al 
log dan LR 


“~ 


substance. Miescher was paediens to nave NE this raraterialt in M\O Jeir- 
Hoppe-Seyler’s laboratory at this time, for his colleague had recently 0 A| 
announced that lecithin, another cell component, was unique in that it , 
contained phosphorus in addition to the four elements normally 
associated with organic cell materials. Thus, there was probably con- 
siderable interest in the Tubingen laboratory in analyzing newly dis- 
covered substances, such as nuclein, for phosphorus. The chemical 
analyses indicated not only that phosphorus was present but that the 

If the analyses for phos- 
phorus had not been made, the discovery of nuclein might not have 
received the same amount of attention. 


cell? He wrote: “I cannot close my mind to the thought that the zt 
essential function of the P [phosphorus] is uncovered here.” !* ay {\o 4h 


nce. These Ridden concepts, 
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however, have slowly evolved from the initial foundations that 
Miescher laid. Miescher’s surprising but very important observations, 
his thorough training under the supervision of his father and uncle, 
both noted physician-scientists in their own right, and his pragmatic 
decision to join Hoppe-Seyler contributed toward his success. 

In autumn 1869, Miescher left Tubingen and traveled to Leipzig 
to join Carl Ludwig’s Physiological Institute. On December 23, 1869, 
he wrote to his parents, ““On my table there lies a sealed and addressed 
package of my manuscript which | have already taken the necessary 
measures to send by parcel post. I am now sending it to Hoppe-Seyler 
at Tubingen. In other words, the first step into publication has been 
taken provided Hoppe-Seyler does not refuse.’’’> While Hoppe-Seyler 
ultimately did not decline to publish Miescher’s novel observations, a 
protracted delay in publication did ensue. Hoppe-Seyler did not reply 
to the letter accompanying Miescher’s manuscript until late February 
1870. In his letter, Hoppe-Seyler stated doubts about the correctness 
of Miescher’s work based on a preliminary experiment that he had 
recently performed; further he noted that the next volume of his 
Medical-Chemical Journal would not be published until May. He 
advised sending a copy of the manuscript to Pfluger’s Archives or 
the Berliner Centralblatt fur Medizinerwissenschaft if rapid publica- 
tion of the work was essential. 

Miescher replied shortly after receiving this letter. He noted that 
since the publication of the next issue of Hoppe-Seyler’s journal was 
to be delayed only a month or two there was no urgency for sending 
his manuscript elsewhere. He rejected the idea of sending his observa- 
tions to the Centralblatt because he was opposed for various reasons 


to the concept of preliminary publications. However, he specifically 


(October 1869) or the date of its receipt at the end of the published 
paper. This would insure that Miescher received the proper credit if 
someone else completed similar studies on nuclein after October 1869 


(ow Dery No but managed to have it published elsewhere before his article ap- 
peared. That 
© yey, “%  Miescher went to Leipzig to study with Ludwig with no precon- 
ar () \ \ ceived experimental program. Ludwig assigned him the problem of 


studying the nerve pathways that conduct pain to the spinal cord. In 
addition, Miescher carried out a collaborative study with an American 
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visitor, Bowditsch, and with Worm Muller on oxygen absorption by 
hemoglobin. Miescher’s letters during this period give us a view of how 
the laboratory was operated: “I am gradually becoming convinced 
that in many of the works on blood-gas published here the ideas are 
those of Ludwig and the technical work, when necessitating manual 
dexterity, are the merit of the servant Salvenmoser.’’!® 

In July 1870, Miescher returned to Basel from Leipzig. His work 
still had not been published. He wrote to Hoppe-Seyler expressing his 
concern and specifically noting that no advanced notice of the im- 
pending publication of the Medical-Chemical Journal had been given. 
Fearing still another delay beyond the late summer, Miescher indi- 
cated an interest in sending a brief abstract of the work to the Basel 
Natural Science Reports because he had just become a member of the 
society. He received no reply, and sent still another letter in August in 
which, not surprisingly, one may note an increasing sense of urgency. 
Miescher was to be inaugurated as a lecturer at the Basel Medical 
School before the start of the new year, an event that would require 
the presentation of his Tiibingen work. He needed either the publica- 
tion proofs or the original manuscript because he had not retained a 
complete rough draft of the paper. 

The entire matter was further complicated by the outbreak of war 
during summer 1870, interfering with the publication of everything 
but the daily news. Miescher’s letters were not answered until Octo- 
ber. Hoppe-Seyler explained the delay: “‘I have just received your 
second letter and hasten to reply to you this time since now I am cer- 
tain that you are in Basel. I had scarcely received the earlier letter in 
which you reported your departure when the war broke out, and I was 
afraid that my letter might not reach you.”’’” He returned Miescher’s 
manuscript along with one of his own for Miescher’s comments. To- 
gether with these two works, Hoppe-Seyler revealed, additional nu- 
clein studies would be published that had been carried out after 
Miescher’s departure from Tubingen and completed during the pro- 
tracted delay before publication. One concerned the nuclein obtained 
from nucleated blood cells, and the other dealt with nuclein or a 
nucleinlike substance from milk. Hoppe-Seyler also offered to publish 
Miescher’s comments on the manuscript he had sent. Miescher replied 
on October 20, 1870. Another letter from Hoppe-Seyler to Miescher 
written on October 31, 1870, resolved the final details. Unfortu- 
nately, Miescher’s follow-up remarks were not published because of 
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their length and because they contained no new information. Hoppe- 
Seyler further stated, ‘The fact that I have checked your studies on 
nuclein from certain aspects will not surprise anybody since aside 
{rom the considerable interest which the discovery itself offers, I have 
a certain responsibility for works carried out under me and appearing 
in these volumes.”’?8 


he meat a particular interest in Hie pints cninad Petpet 

s between nucle ecithin. While he agreed to break off fur- 
ther ane in — cinerea other than studies on nuclein in yeast and 
lower plants, he made it very clear that if no publications on nuclein 
were forthcoming from Miescher during the coming year he would 
resume the studies himself.'® ie RRR Segre 
ations on nuclein wer plished. Hoppe-Seyler was not the only in- 
vestigator to pursue aides, on nuclein. Wilhelm His recalled, ‘‘When 
chemists, due to their personal contact with Miescher, learned of the 
significance of the new substance, several immediately started working 
on it... . Miescher’s early laboratory associate Worm Muller also jtried 
his hand at nuclein, although with only moderate success, and in 
Bascl, Jules Piccard . . . used the material given to him.” !? Albrecht 

Kossel, another student of Hoppe-Seyler, also made many notable 

+e contributions to the study of nuclein and nuclear proteins. 

Shortly after his return to Basel, Miescher resumed his physio- 
logical-chemical studies. His first experiments were carried out on the 
yolk of the chicken egg, experiments started during his autumn vaca- 
tion in 1869. The purpose of the work was to confirm Wilhelm His’s 
view that small spheres present in the egg yolk were preformed cells 
containing nuclei that give rise to embryonic tissue after fertilization. 
Originally many investigators had believed that these spheres were 
drops of fat or lipid. This view had to be altered when it was found 
that the drops were insoluble in ether and boiling alcohol and thus did 
not show the characteristic behavior expected of lipids. Because the 
presumed nuclei of these yolk spheres stained with dyes in the same 
way as other nuclei, His proposed the preformed cell theory, an idea 
that failed to gain many adherents. Miescher reasoned that since all 
nuclei from the many diverse tissues examined contained nuclein, the 
demonstration of nuclein in the spherules would strongly favor His’s 
arguments. Miescher eventually obtained a nucleinlike precipitate 
when he treated the yolk with the same chemical reagents that he had 
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used in the pus cell studies. The newly isolated nuclein differed from 
that of pus cells by a significantly higher phosphorus content. Later in 
the 1870s when the morphological characterization of genuine cell 
nuclei and their behavior in cell division became clearer, His’s idea 
could no longer be maintained. Somewhat later, after the publication 
of this work, Miescher revised his own views and declared that egg 
yolk nuclein differed from true nuclein and was most likely some 
combination of protein and phosphoric acid. Later studies confirmed 
this theory. 

Miescher’s studies on the egg yolk, under the influence of His who 
remained with him in Basel until late in 1872, led him next into ex- 
ploring the relationship of nuclein to the process of embryological 
development. Wilhelm His had been working on the development of 
the bonefish embryo and had also been studying the development of 
eggs from the ovary. The egg material, which was so much more read- 
ily available than pus, was obtained from salmon. 

Fishermen had long known that while salmon remained in fresh 
water they failed to eat. Located on the Rhine River near the juncture 
of the German, French, and Swiss borders, Basel occupied a fortunate 
position. Salmon entering from the sea traveled from Holland into the 
upper regions of the Rhine to spawn. During the summer and autumn 
the sexual organs of the salmon increased in size; in the case of 
females the ovary weight might increase up to 25 percent of the total 
body weight. While Miescher was attracted to salmon eggs as a source 
of nuclein material, he recognized that salmon sperm would perhaps 
be even better for his studies. It was already known through morpho- 
logical studies that the spermatozoa heads consisted mainly of nuclei, 
whereas in the egg the nucleus appeared only as a small portion of the 
total egg mass. Thus, the sperm might be an excellent source for ob- 
taining nuclein. 

Miescher started studies on the egg and sperm in the autumn of 
1871, and he was able to report his results to the Basel Society for 
Biological Research the next spring. He found, in addition to nuclein, 
a new substance in the nuclei that he termed protamine. During the 
crystallization of protamine, Miescher noted that when it was warmed 
with nitric acid a yellow solution formed which changed to bright red 
when alkali was added. This reaction was characteristic of another 
class of chemical substances, termed the xanthine bases, and was used 
as a test for them. This test had been developed earlier by Adolf 
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Strecker. Miescher was probably thoroughly familiar with the test 
because he had taken a general chemistry laboratory course with 
Strecker at Tubingen before entering Hoppe-Seyler’s laboratory. 
The results of these experiments led Miescher to suspect that the 
xanthines had been derived from the protamine. 

Although Miescher believed that pus, egg, and sperm nuclein were 
different from one another, he was confused about where the xan- 
thine substances were derived. In a letter to an associate in 1872 he 
wrote, ‘‘The xanthine alkaloid is especially suspicious here [in the 
sperm]. It is absent in the hen’s egg, whereas there are the same 
materials or analogous bodies in the egg as in the sperm.” ?° Miescher 
asked an associate, J. Piccard, whom he provided with some labora- 
tory space, to investigate the source of the xanthine bases. Piccard, 
by using the established acid extractions and precipitations, arrived at 
the following conclusions: the xanthine bases were present not solely 
as protamine derivatives, as Miescher had surmised, but as “preexist- 
ing in addition to it in the salmon sperm.” ?) Unfortunately he incor- 
rectly concluded, “‘The composition of the salmon sperm as reported 
by Miescher must be revised in such a way that [the xanthine bases] 


must be distributed i in part in the proteins and in oa in the nucle- 
in.” 21 Thus, : om a 


tat the male acid Son i the s and not the protein, 
os cae diblemtbtedicntial -xant Sarre significant 
distinction would be made later by Albrecht Kossel and would serve 
as a basis for distinguishing proteins from nucleic acids. 

Miescher’s letters to Hoppe-Seyler two years later reveal his con- 
tinuing preoccupation with the chemical products resulting from the 
degradation of nuclein. He wrote, “When your letter arrived I was just 
involved in the preparation of the experimental decomposition [of 
nuclein] with HCl according to the method of Hlasiwetz‘for which the 
protein-free sperm preparation is particularly suitable.” ?? 

During this same period Miescher also studied, in collaboration with 
Hoppe-Seyler, a group of globulinlike proteins combined with nuclein, 
which had been termed ichthin. A similar substance, emydin, had been 
isolated earlier by Edmond Fremy and Achille Valenciennes.?? Mie- 
scher’s elementary analysis indicated that the two substances were 
different from each other but constituted a distinct group of plios 
phorus-containing substances. Later work by R. Altm: 


The Discovery of DNA 


nuclein could be separated into two distinct substances: nucleic acid, 
which contained phosphorus, and protein, which did not.?? 

The erroneous conclusions were due to the inability of these early 
investigators to separate nucleic acids completely from protein. This 
fundamental problem was one of the most significant factors deter- 
mining the slow rate of progress in distinguishing the nucleic acids pres- 
ent in nuclein from the smaller quantities of protein that were also 
present. The ability of the nucleic acids to bind protein tightly made 
the separation particularly difficult. Even Hoppe-Seyler had failed to 
recognize the fundamental differences between these two classes of 
cell components and concluded that ‘‘in many ways the nucleins are 
related to the proteins.”’?* . 

Miescher’s working conditions during this period were a severe | 
handicap to the progress of his investigations. The institute in Basel 
had limited funds for research and insufficient space for laboratories. 
There was one advantage: he could work independently for the first 
time. He wrote to a friend about this period: “In the past two years I 
have looked back longingly on the fleshpots of the palatial Tubingen 
laboratories [figure 1.5] for I have had no laboratory at all, and have 
scarcely dared move, since the small room is more than overfilled by 
students and the professor of chemistry works in it as well. You can 
imagine what it means to be prevented from working energetically on 
matters which may never again in my life be so readily accessible to 
my hands due to miserable external circumstances.” ”° As the result of 
these conditions, Miescher was forced to carry out the elementary 
analyses on nuclein in a corridor that was also available to other 
university staff members. For assistance he received the services of an 
aide who devoted 25 percent of this time to Miescher and the remain- 
ing 75 percent to anatomists, physiologists, and pathological anato- 
mists. Fortunately, this situation soon came to an end. 

On February 27, 1872, Wilhelm His, in a letter to the president of 
the University of Basel, announced his decision to accept an appoint- 
ment as professor of anatomy in Leipzig beginning August 1. He 
recommended Miescher as his successor. Letters were then sent to 
Hoppe-Seyler and Ludwig asking for their comments on Miescher’s 
suitability for this position. On May 19, 1872, Hoppe-Seyler replied 
from Strasbourg: “‘. . . 1t will be a very great pleasure if I am able to 
do something in the interests of arranging for F. Miescher to receive 
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Figure 1.5 The laboratory at Tubingen where Miescher isolated nuclein (courtesy 
of the University of Tubingen Library, Tubingen, Federal Republic of Germany). 
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well-deserved recognition and a worthy position to continue his work 
in a post as Professor of Physiology. Miescher worked long enough in 
our Tubingen laboratory and was in so much contact with us almost 
daily that I feel confident that I can give a true estimate of him.’’”® 
Ludwig concurred: “The direction which Dr. Miescher gave to his 
studies and the achievements which are the result of this course of 
education in my opinion qualify him to be a Professor of Physiology; 
as a matter of fact I took it for granted that, when required, one 
would make full use of his outstanding abilities.” ?” Minutes from 
meetings at the university indicate that Miescher, who by summer 
1872 had already taken over His’s teaching duties for that semester 

in physiology, was to be appointed professor of physiology on Novem- 
ber 1 with an honorarium of 3,000 Swiss francs. Wilhelm His had held 
the combined position of professor of physiology and anatomy. The 
rapid expansion of knowledge in both fields could no longer be 
handled by one person. Miescher thus began as professor of physiol- 
ogy, a position he held from 1872 until his death in 1895. He fol- 
lowed in the footsteps of his father, who had held the position from 
1837 to 1844, and his uncle, who had held it from 1857 to 1872. 

The result of this new appointment was better equipment and more 
working spate. Unfortunately, Miescher found his new duties required 
a considerable amount of time away from the laboratory. In particu- 
lar, he had to prepare lectures. Miescher seemed to be compulsive in 
his desire to do things as well as possible, and as a result no matter 
how long he took to organize the lectures, he was never satisfied. In 
addition to reading, Miescher had to construct apparatus, prepare 
samples and microscopic materials for demonstrations, and organize 
the entire work so that it developed logically and could be readily 
understood by the students. By 1875, he had arranged things so that 
each student was assigned a group of experiments on which he had to 
report his results and conduct a discussion. In this way, Miescher felt 
that the students would teach him. The experiments dealt with the 
speed of impulse conduction through nervous tissue, muscular move- 
ment, and many other areas of physiological experimentation. Despite 
these efforts and the considerable attention that his teaching duties 
received, Miescher does not appear to have been highly regarded as a 
teacher. Impressions from former students indicate that Miescher’s 
restlessness and discomfort with his audience were readily apparent. 
He frequently appeared preoccupied with other matters. He failed to 
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make himself clear to his audience because he presupposed a level of 
interest and knowledge that many of them apparently did not have. 
Only those who were already advanced students of physiology re- 
garded Miescher as a stimulating teacher and lecturer. 

In December 1877, Miescher became engaged to Marie Ann Rusch 
of Basel, and they were married on March 21, 1878. Their first child, 
a daughter, was born in July the following year. Two years later a 
son was added to the family, and another daugher was born in April 
1885. Unfortunately, the first two children died early while the last 
eventually became insane. 

The family later moved to a four-story house located at 21 Augus- 
tinergasse close by the Munsterplatz, a very broad square dominated 
by the Munster cathedral. The rear of the house faced the Rhine River 
from which Miescher obtained the salmon that provided him with 
sufficient materials for years of continuous experimentation; the 
house is still in use today. The Munsterplatz itself is bordered by a 
number of very large homes and a large park on the left with rows of 
trees carefully laid out in symmetric rows; at the far corner of the 
park close by the cathedral is a very large, elaborate fountain built in 
1784. 

Miescher’s work on the nuclein and protamine of salmon spermato- 
zoa led him to investigate several related questions. He tried to corre- 
late different morphological sections of the spermatozoa heads with a 
specific chemical composition. In 1872 and 1873, he studied the 
semen of other organisms, including the bullfrog and the carp. He 
found that in the spermatozoa of these species, as in the immature 
salmon testis, protamine and other similarly related bases were absent. 

A central part of Miescher’s research activity focused on the consid- 
erable metabolic changes that occurred in the body of the salmon 
during the development of the sexual organs. The large increase in 
the latter, coupled to the large decrease in other body organs, sug- 
gested an extensive migration of substances from one tissue to an- 
other. Starting in autumn 1875, and during the course of the next 
several years, Miescher measured thousands of salmon and weighed 
them and their individual organs (including the muscle, liver, spleen, 
blood, and gonads) during different stages of development. He found 
that for as long as fifteen months the salmon neither ate nor even 
secreted the fluids necessary for digestion. Only after spawning was 
complete did the salmon revive and seek food. It was this search, in 
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part, that drove them downstream toward the sea. Development of the 
sexual organs began in late spring, progressing through the summer 
and reaching a peak during September and October. Significant bio- 
chemical changes took place during this period as the salmon cells 
produced spermatozoa. After studying the gross physical changes in 
these organs, Miescher developed a more refined chemical eppnerch 
He asked Shorey mlidintiniesiaciacalaan oe sian 


that the first eeeencel factory was ore deere ay resistin experienced 
by a tissue. While the most important source of materials for tissue 
growth came from the muscle, not all muscles were involved. Degener- 
ation of body muscle occurred while muscles of the fins, for example, 
showed no change. The fin muscles were known to have a larger blood 
content; thus, they were endowed with conditions more favorable 

to respiration. With sufficient respiration there was a deposition of 
substance rather than a liquefaction or loss. The blood served to trans- 
port oxygen to the tissues while simultaneously removing the products 
of degradation and oxidation. The gonads also were well perfused with 
blood, thus enhancing the conditions necessary for their increase. 


Miescher concluded that ihe reduction in blood to the body muscle © 


likely the Done in pressure eetatee as the jestle of the Sie of the 
spleen, which serves as a reservoir for blood and retained blood with- 
drawn from the general circulation: Miescher noted that the absolute 
and relative protein content of the body muscle decreased in precisely 
the same way that it increased in the ovary. He made a similar observa- 
tion for phosphoric acid, an important constituent from the produc- 
tion of nuclein. A portion of his time, therefore, was spent determin- 
ing the forms in which these materials were transported between one 
tissue and another. In addition, the storage capacity of the liver for 
both protein and sugars was also noted. 

During the last years of his life, Miescher continued to explore the 
chemical composition of the sperm in relationship to its morphology. 
He succeeded in separating the head of the sperm from the tail by con- 
tinuous centrifugation. He found that the tail contained an abun- 
dance of lecithin and a peculiar protein substance similar to mucin. 
Furthermore, he noted that inside the nuclein shell of the heads there 
existed a substance free of phosphorus and sulfur but containing iron 
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bound to organic groups; he termed this substance karyogen. He 
found it to contain more than 30 percent nitrogen, and with the bind- 
ing of iron it resembled hematin. An associate, however, failed to con- 
firm this observation, but he noted that “‘if the spermatozoa heads 
did contain something special, whether a live formation or some 
foreign substance, the mass of this substance compared to the heads 
can only be extremely small.’’?® Miescher had already concluded that 
the mechanism of fertilization was the joining of two sexual stages that 
had developed along different lines. The egg contained well-developed 
cytoplasm but Jacked a complete nucleus, which was supplied by the 
sperm. Based on observations made by Wilhelm His, Miescher believed 
that the formation of the egg yolk occurred by the entry of intact 
leucocytes carrying the raw materials supplied by other tissues into 
the egg. Here the materials condensed into larger formations coupled 
in an etherlike linkage. He speculated that, 
previously absent or dormant enzymatic activities developed, which 
broke down these condensations to release their component parts, 
analogous to the process of cleavage and digestion of food materials. 

In autumn 1876, partly as a result of his salmon studies, the govern- 
ment asked Miescher to prepare a report on the nutrition of inmates 
of the Basel penal institution. It took more than a year to prepare 
the report, and Miescher considered it to be one of the most tiresome 
and thankless tasks of his entire life. He soon received similar requests 
from other penal institutions, teaching institutions, public societies, 
and others until it became too much for him, and he wrote, “I am turn- 
ing green. Now I am being eaten up by goats. Inquiries into Swiss 
Folk nutrition, cookbooks for workmen, diet sheets for the state 
exhibition, controversies with the milk company. In brief, Iam on the 
way to becoming the watchman over the stomachs of all three million 
of my compatriots.’’ 78 

In 1878, Miescher reported the elementary composition of salmon 
sperm nuclein to be Cy9 Hag Ng P3022. In the same year, Oscar Loew 
and Karl von Nageli suggested that yeast nuclein was nothing more 
than a mixture of inorganic phosphate salts with protein. Nicholas 
Lubavin made a similar claim, reporting that cow’s milk produced 
free phosphate and a protein when treated with boiling water. Georg 
Salomon thought that treatment of fibrin, a blood protein, with an 
extract of pancreas tissue produced a product associated with nuclein. 
Russell Chittenden examined another protein, albumin, and obtained 
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inorganic metaphosphoric acid, which had been proposed as the pre- 
cursor of nuclein on the basis of similar activity in precipitating pro- 
tein, were not related to the nucleic acids. Wilhelm His later recalled, 
““Miescher was fully aware of the acid character of the substance pre- 
pared by him, and the 
under the name of nucleic acid was nothing new to him.” !9 

Shortly after completing the work on the salmon, Miescher became 
involved with details for the construction of a new anatomical- 
physiological institute. In 1883, construction of the Vesalianum was 
completed, and in 1885 the First International Physiological Congress 
was held in Basel. For the festschrift, Miescher contributed a critical 
paper on the role of carbon dioxide as a regulatory factor in respira- 
tion.?? The building still stands today, although it is well hidden on a 
side street hear the Institute for Microbiology and Hygiene. A small 
bust in a niche on the left at the top of the stairs in the Vesalianum 
serves to remind visitors of the institute’s relationship to Friedrich 
Miescher. On the right is a plaque listing the professors of physiology 
and anatomy. 

Several of Miescher’s papers were 
science ; others contained errors and have long been forgotten. The 
failures did not arise because he lacked ability or desire to devote him- 
self unselfishly to the very demanding work. On the contrary, Mie- 
scher was considered a brilliant investigator by many of his students 
and associates. He worked even harder toward the end of his life than 
most young men work at the start of their careers. 

Throughout his peotcesiocc) SE 


y of the cell. This 
correlation was then applied toward an understanding of the physi- 
ology of the entire organism. Thus, in his initial studies with Hoppe- 
Seyler, he determined by microscopic examination whether the 
chemical treatment that produced an unexpected chemical precipitate 
had resulted in disruption of the nucleus. The underlying purpose of 
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the entire study was to understand better the transition of lymph cells 
into pus cells during infection. The same experimental style was re- 
flected in his subsequent works, particularly on the tissue alterations 
in salmon. 

Isolation of nuclein had to be carried out quickly in rooms kept at 
Jow temperatures because of the instability of the tissue components. 
Miescher described a typical working day as follows: “When nucleic 
acid is to be prepared, I go at five o’clock in Lapse ‘morning to the labo- 
ratory and work in an unheated room. N: rion can stand for more © 
than five minutes, no precipitate more TER one hout before being 
placed under absolute alcohol. Often it goes until late in the night. 
Only in this way do I finally get products of constant phosphorus 
composition. 30 Miescher’s belief in hard work bordered on the ob- 
sessive. A student, F. Suter, later recalled that when Miescher failed 
to appear for his wedding at the appointed hour, a search party went 
off to look for him. They found him quietly working in his labora- 
tory. Why did he work so hard? In answer to this question he once 
wrote, “Should one ask anybody who is undertaking a major project 
in sciencc, in the heat of the fight, what drives and pushes him so 
relentlessly, he will never think of an external goal; it is the passion 
of the hunter and soldier... the stimulus of the fight with its set- 
Backs. 

Relentless work habits under such severe conditions gradually took 
their toll of Miescher’s health, and he spent his last years as a patient 
in a sanatorium for tuberculosis in . On May 23, 1895, Miescher 
wrote to the university that he had been informed by his physician 
that although he might recover gradually, he could make no commit- 
ments as to when he could resume his university responsibilities. He 
asked to be relieved of his position as professor of physiology as of 
October 1. An earlier proposal that a young lecturer temporarily re- 
place him for six months or a year had been turned down on the 
recommendation of other faculty members. A visit to Davos by a uni- 
versity representative was followed by an administrative decision to 
raise Miescher’s pension from 1840 to 2000 Swiss francs. On June 15, 
Miescher was officially retired from the position of professor of physi- 
ology, and in his honor the city of Basel sent a document praising him. 
In characteristic Swiss fashion Miescher replied, 


I am not aware of having accomplished, besides my usual discharge of 
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duties in my profession, anything more special than those things done 
by so many academic and nonacademic citizens of Basel in accordance 
with the tradition of our community. .. . | assume with this token of 
recognition the high government wishes to give pleasure to a seriously 
ill citizen and 1 would appreciate it if you would convey my deepest 
and warmest thanks to the authorities. *) 


Miescher’s search for perfection in his studies prevented him from 
publishing the bulk of his observations. During his illness thoughts 
about his work often came into his mind involuntarily, and he eventu- 
ally attempted to summarize them in preparation for publication. 
Unfortunately, the writing of even a few pages, in his seriously weak- 


ened condition, left him exhausted, and he was unable to continue. He, 


eae Sot DNA oserennine regarded it as a drug suitable for treat- 
ing patients suffering from tuberculosis, SIs, aie eee 


and other serious diseases. oe 


Viiescher’s contributions were difficult te te assess at the time “of a 
death. Eulogizing Miescher during memorial services, an associate, Pro- 
fessor F. Wille, said, 


If he did not reach the highest peaks of achievement, that was due 
solely to certain weakening and obstructing factors in his organiza- 
tion. Thus, even if we did not lose in him a teacher and investigator 
whose words and works were pioneering and decisive for the devel- 
opment of his science and science in general . . . still Friedrich 
Miescher, thanks to his strong interests and his relentless drive to do 
research, his competence and knowledge in his own field and his gen- 
eral knowledge, his sharp critical faculties, and his correct recognition 
of all that is involved in scientific research, was a well-known and able 
scholar.*° 


In contrast, Carl Ludwig, his former teacher, had written shortly 
before his death, 


Of course, it is easier to preach patience than to practice it, and from 
my own experience I know what it is to give up well-loved, hopeful 
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work. Sad as it is, there remains for you the satisfaction of having com 
pleted immortal studies in which the main point has been the knowl- 
edge of the nucleus; and so, as men work on the cell in the course of 
the following centuries, your name will be gratefully remembcred as 


the pioneer of this field.34 
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Part IV. Beyond The Origin: The Modern Synthesis: 
Introduction 


Despite the controversy over evolution among the general public, most 
biologists and naturalists came to accept some form of evolution during the early 
decades following the publication of Charles Darwin’s On the Origin of Species by 
Means of Natural Selection (first issued 24 November 1859). Indeed, in 1877 the great 
American vertebrate paleontologist Othniel Charles Marsh (1831-1899) could state in 


his vice-presidential address to the American Association for the Advancement of 
Science that: 


“... Tam sure I need offer here no argument for evolution; since to doubt evolution 
to-day is to doubt science, and science is only another name for truth.” (text of 
Marsh’s lecture published in Nature 16: 448 [1877]). 


Even if most members of the scientific community, or at least the biological 
community, did not “doubt evolution” (that organisms have changed through descent 
with modification over the geological eons), there was little agreement regarding such 
issues as the mechanism(s) driving evolutionary change, the rates of evolutionary 
change, the nature of variability and inheritance in organisms, what constitutes a 
species and thus speciation (hence the question of the origin of species), and the 
importance of intrinsic versus extrinsic factors (Do species evolve due to an inner 
drive or propensity? Does the external environment impinge upon the genetic 
material?). In fact, many biologists accepted evolution while rejecting natural 
selection. Instead, they adopted various Neo-Lamarckian ideas (inheritance of 
acquired characteristics) and other theories to explain evolutionary change. Darwin 
himself accepted the reality of soft inheritance (use and disuse affecting the genetic 
material) even though he emphasized natural selection as the primary driving force of 
evolution. 

For about half a century, from the middle of the 1880s to the mid-1930s there 
were two major camps of evolutionists, more often than not disagreeing on almost 
every aspect of evolution. These two groups can, for convenience, be labeled the 
“experimental biologists” or “geneticists” on the one side and the “naturalists” on the 
other side. In the following selection Ernst Mayr offers an analysis of the two schools 
of thought (with comments on many of the major figures, along with a discussion of 
disagreements and advances within each camp up until the early 1940s). As Mayr 
describes it (and he was a participant at the time), in the late 1930s and early 1940s 
there was a “meeting of the minds” of members in each camp, resulting in what 
became known as the “evolutionary synthesis,” the “synthetic theory of evolution,” or 
the “modern synthesis” (from the title of the 1942 book by Julian Huxley Evolution, 
The Modern Synthesis. [London: Allen and Unwin]). Basic tenets and conclusions of 
this synthesis included: 1) a rejection of soft inheritance, 2) acceptance of natural 
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selection as the basic (or sole) mechanism of evolutionary change, 3) acceptance that 
genetic principles and population thinking (a species is a reproductively isolated group 
of organisms) can be applied to large-scale evolutionary patterns and the origin of 
diversity and higher taxa, and 4) evolution is gradual since it is the result of many 
small genetic changes accumulating over time. To this day the evolutionary synthesis 
remains the basic foundation for all work in evolutionary biology (which is not to say 
that it is infallible or that no advances have been made since the 1940s, for certainly 
there have been many - - it was not until 1953 that James Watson and Francis Crick 
elucidated the basic structure of DNA). 

The following excerpt is taken from the book The Growth of Biological 
Thought: Diversity, Evolution, and Inheritance by Ernst Mayr (Cambridge: The 
Belknap Press of Harvard University Press, 1982). Mayr is not simply a historian of 
evolutionary biology, but a major figure in the field he writes about. He was one of 
the architects of the evolutionary synthesis, publishing the seminal book Systematics 
and the Origin of Species (New York: Columbia University Press) in 1942. When, in 
the selection you are about to read, the author refers to “Mayr” this is the same Mayr 
that wrote the selection: Mayr is discussing himself! 


Bibliographical Note. Most of the references in the following selection refer to major 
books by the researchers mentioned and can be found by consulting the original 
volume by Ermst Mayr from which this selection was taken. In several instances Mayr 
cites “L.L.D” followed by a volume and page number. This is three-volume 
publication compiled by Francis Darwin entitled The Life and Letters of Charles 
Darwin (London: Murray, 1887. Reprinted 1969. New York: Johnson Reprint 
Corp.). 


The second selection in Part IV is the introduction to Christian De Duve’s 
book. Life Evolving: Molecules, Mind, and Meaning. In this brief introduction De 
Duve, a cell biologist and the 1974 Nobel Prize winner in medicine, illustrates how 
molecular information can be used to further support evolutionary theory. The 
example he provides draws on recent advances in molecular biology and genetics and 
suggests that Darwin’s concept of descent with modification is supported at the 
molecular level. This selection also serves as a connection between historical 
evolutionary theory and modern evolutionary theory. 
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12 7 Dwversity and 
synthesis of 
evolutionary thought 


THE DIVERSITY of opinion among evolutionists in the eighty 
years following the publication of the Origin of Species is quite ex- 
traordinary. Each branch of biology had its own tradition, and so 
did each country. Germany embraced evolutionism quickly and 
rather completely (L.L.D., III: 88). Ernst Haeckel, Germany’s most 
enthusiastic evolutionist, both helped and hindered the spread of 
Darwinian thinking. He did a very effective job of popularizing 
Darwinism, but used it at the same time as a weapon against all 
forms of supernaturalism, particularly Christianity, thereby pro- 
voking counterattacks in which evolutionism was equated with 
materialism and immorality. This couid not prevent the spread of 
evolutionary thinking as such, but it was an important factor in 
the almost universal rejection in Germany of the theory of natural 
selection.’ 

Evolution by descent with modification was rather generally 
adopted also in England within the decade after the publication 
of the Ongin, at least by the biological community. Natural selec- 
tion, by contrast, was largely found unpalatable. It was accepted 
only by a few naturalists—Wallace, Bates, Hooker, and some of 
their friends, and later by Poulton, Meldola, and other entomol- 
ogists—but not by a single experimental biologist.” Of decisive im- 
portance for subsequent developments in Britain was the fact that 
Ray Lankester was converted to selectionism by reading some of 
Weismann’s essays. He enthusiastically supported the invitation is- 
sued to Weismann to give lectures in England. It was Ray Lankes- 
ter who founded a school of selectionism at Oxford, represented 
through several generations by E. S. Goodrich, Julian Huxley, G. 
de Beer, and E. B. Ford. There was nothing like it at Cambridge 
or at University College, London, until R. A. Fisher and J. B. S. 
Haldane began to publish. 

In the United States, in spite of Asa Gray’s enthusiastic sup- 
port, evolutionism had a much harder time. There being only a 
small professional class of biologists and paleontologists, much of 
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EVOLUTION 


the controversy was conducted by writers, theologians, and phi- 
losophers. Still, with the death of Agassiz in 1873 and the accep- 
tance of evolution by Dana in 1874, all resistance to evolution 
ended among the professionals.* The theory of natural selection, 
by contrast, encountered continuing resistance. The situation was 
complicated by the temporary popularity of Spencer’s so-called 
social Darwinism.‘ Partly as a reaction to it and partly as a result 
of traditional American egalitarianism, an extreme environmen- 
talism developed in psychology and anthropology which mini- 
mized, if not denied altogether, any genetic contribution to the 
differences among human individuals. Up to a point this tradition 
is alive even at the present day. It is evident that, except for de- 
tails of chronology, the history of the acceptance of Darwin was 
essentially the same in Germany, Britain, and the United States. 
Evolution was accepted quickly but natural selection at first by 
only a minority. 

In France the resistance to Darwin was much greater than in 
any other major western country. Not a single leading French bi- 
ologist came out in favor of selection after 1859 and even evolu- 
tionism as such did not begin to spread until the 1870s.° The first 
chair of evolutionary biology at the Sorbonne was created for Gi- 
ard in 1888. When evolution was finally adopted in France in the 
1880s and 90s, it was in the form of neo-Lamarckism, which at 
the same period enjoyed considerable popularity also in the United 
States and in Germany. Although natural selection was temporar- 
ily supported by an occasional author and was adopted by Teissier 
and l’Heritier in the 1930s, its more general acceptance did not 
take place in France until after 1945 (Boesiger, 1980). 

Paradoxically (considering the subsequent success of Ly- 
senko), in the period up to the end of the 1920s there was prob- 
ably no other country in which Darwinism, including the theory 
of natural selection, was as widely accepted as in Russia. Originally 
this was primarily for political reasons but in part it was also due 
to the flourishing condition of population systematics in Russia 
(Adams, 1968). The impact of this situation on the further devel- 
opment of population genetics will be discussed below. 


NEO-DARWINISM 


As is described in Chapter 16, Darwin, although largely a cham- 
pion of hard inheritance, still allowed some scope for the effects 
of use and disuse and other aspects of soft inheritance. As the 
knowledge of cytology and particularly that of chromosomes grew, 
several authors began to question any inheritance of acquired 
characters. These doubts were expressed rather casually and did 
not receive much notice. The rejection of soft inheritance made 
no real headway until Weismann, in 1883 and 1884, published his 
germ-track theory and proposed a complete and permanent sep- 
aration of soma and germ plasm.® The total rejection of any in- 
heritance of acquired characters meant a rejection of all so-called 
‘Lamarckian, Geoffroyian, or neo-Lamarckian theories of evolu- 
tion. In fact, it left only two conceivable mechanisms of evolution: 
saltation (evolution owing to sudden, major departures from the 


existing norm) and selection among minor variants. Weismann 


adopted an uncompromising selectionism, a theory of evolution 
designated by Romanes (1896) as neo-Darwinism. It may be de- 
fined as the Darwinian theory of evolution without recourse to 
any kind of soft inheritance. Indeed, Weismann accepted most 
other components of Darwin’s theory except pangenesis, now no 
longer needed. 

The elimination of soft inheritance, which up to that time 
had been considered a major source of individual variability, 
obliges the evolutionist, said Weismann, “to look for a new source 
of the phenomenon, upon which the processes of selection en- 
urely depend.” His knowledge of cytology permitted him to name 
the particular phenomenon most likely to supply the needed ge- 
netic variability. It was the process now called “crossing over.” If 
such a rebuilding of chromosomes during gamete formation 
(meiosis) did not exist, genetic variation (except for occasional new 
mutations) would be limited to a reassortment of the parental 
chromosomes. By contrast, chromosomal recombination has the 
consequence that “no individual of the second generation can be 
identical with any other . ... [in every generation] combinations 
will appear which have never existed before and which can never 
exist again.” No one before Weismann had understood the ex- 
traordinary power of sexual recombination to generate genetic 
variability. 
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The importance of recombination in evolution was at first 
rather neglected in the genetic literature which, written in terms 
of bean-bag genetics (see Chapter 13), presented evolution by the 
formula “mutation and selection.” Actually, the genotypes which 
are the target of selection are the immediate product of recombi- 
nation rather than of mutation. It was not until the work of C. D. 
Darlington (1932; 1939)’ and Stebbins (1950: chap. 5) that the 
evolutionary significance of systems of recombination (“genetic 
systems”) was fully appreciated. 

Much has been written about Weismann’s genetical and cy- 
tological theories, but the development of Weismann’s ideas on 
evolution has been rather neglected by historians. Until such an 
analysis has been made, only a few tentative statements can be 
offered. In 1872 Weismann entered into the controversy between 
Moritz Wagner and Darwin on the role of geographic isolation 
and displayed a rather remarkable lack of understanding of the 
problem. Certain comments made later in the 1870s indicate that 
Weismann at that time still believed in soft inheritance. It was not 
until 1883 that he categorically rejected soft inheritance, and in 
the next few years he emphasized the role of recombination (am- 
phimixis). It was in these years that he developed the theory, until 
quite recently almost universally adopted, that the selective advan- 
tage of sex is its capacity to multiply genetic variability at a high 
rate, and thus provide more abundant material for selection. 
Weismann was the first to ask questions about the regulation of 
the life span (age at time of death) by natural selection (see also 
Korschelt, 1922). More broadly, he introduced an entirely new 
way of looking for the meaning, that is, the selective value, of 
every aspect, morphological or otherwise, of organisms. Every- 
thing in the living world was for him the product of the “Allmacht 
der Naturztichtung” (power of natural selection). 

After Weismann had passed the age of sixty, however, he be- 
gan to become somewhat uncertain about the ability of selection 
to control evolutionary trends unaided, and he proposed the 
principle of “germinal selection,” admitting the improbability “that 
the adaptations necessary for the existence of organisms could 
originate by accdental variations.” He postulated therefore the oc- 
currence of “directed variation . . . which is caused and guided 
by the conditions of life of the organisms” (1896: iv). Weismann 
categorically rejected any inner (orthogenetic) drives, and postu- 


lated instead that the selection of certain characters, let us say 
longer tail feathers in a bird, favors simultaneously those geno- 
types that have a tendency to vary the length of the tail feathers. 
What Weismann did was to make a distinction between a given 
genetic variant and the capacity of the organism to produce var- 
iants of the given character, and to point out that both can be 
selected for. His thinking was ambivalent, however, and he con- 
ceded that the extraordinary similarity of model and mimic in 
certain butterflies “can not be due to ‘accidental’, but must be due 
to directed variation which is caused by the utility itself” (1896: 45). 
Weismann now admits that “the Lamarckians were right, when 
they insisted that what up to now one has exclusively admitted as 
selection, i.e. the selection of individuals, was not sufficient to ex- 
plain all phenomena” (1896: 59). Random variation, ordered by 
selection, was thus no longer considered by Weismann as sufficient. 

The evolutionary phenomena that troubled Weismann, such 
as similar trends of variation in many species of the same genus, 
or the gradual reduction of useless or rudimentary organs (such 
as the loss of eyes in cave animals), no longer pose serious prob- 
lems to the evolutionary geneticist of today. The harmonious in- 
tegration of the genotype places definite constraints on possible 
genetic variation and this, as well as selection for or against certain 
regulatory “genes,” can account for all observed “orthogenetic 
trends.” These constraints and regulations are the modern equiv- 
alent of Weismann’s germinal selection. 

Weismann’s impact on evolutionary biology was far-reaching. 
He forced every biologist to take a position on the problem of the 
inheritance of acquired characters. By insisting that there is only 
one direction-giving force in evolution, selection (even if slightly 
watered down by his belated theory of germinal selection), he 
forced his opponents to produce evidence supporting their op- 
posing theories. For the next fifty years most evolutionary contro- 
versies dealt with the problems which Weismann had posed with 
such uncompromising clarity. Furthermore, by his imaginative ge- 
netic theories he prepared the ground for the rediscovery of 
Mendel, an event which ultimately led to the solution of the evo- 
lutionary problems that had stumped Weismann. 
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THE GROWING SPLIT AMONG THE 
EVOLUTIONISTS 


The evolutionists presented a rather solid front as long as they 
still had to convince the world of the fact of evolution. This was 
largely true until about 1882, the year of Darwin’s death. In the 
next twenty years, however, more and more events took place 
which sowed seeds of dissension among them. The first of these 
was Weismann’s uncompromising rejection of any inheritance of 
acquired characters. The reaction which this provoked was a 
hardening of the claims of the neo-Lamarckians. 

Far more important, although this was probably not fully rec- 
ognized at the time, was the growing disciplinary radiation of bi- 
ology. The rise of evolutionism after 1859 coincided with an in- 
creasing break-up of zoology and botany into special fields, such 
as embryology, cytology, genetics, behavioral biology, ecology, and 
others. Many of these new disciplines of biology were primarily 
experimental in their approach, and this resulted in the develop- 
ment of an ever widening gap between the experimental biologists 
on one hand and those others (mostly zoologists, botanists, and 
paleontologists) who had been raised as naturalists and worked 
with whole organisms. The experimentalists and the naturalists 
not only differed in their methods but tended also to ask different 
questions. Both groups were interested in evolution, but had very 
different approaches and stressed different aspects of evolution. 
The experimental evolutionists, most of them originally embryol- 
ogists, entered the newly developing field of genetics. Their inter- 
est was the study of proximate causations, with particular empha- 
sis on the behavior of genetic factors and their origin. Bateson, de 
Vries, Johannsen, and Morgan were typical representatives of this 
camp. Several of them had a strong interest or background in the 
physical sciences and in mathematics. The naturalists, by contrast, 
were interested in ultimate causations; they tended to study evo- 
lutionary phenomena in nature and were particularly concerned 
with problems of diversity. Paleontologists, taxonomists, natural- 
ists, and geneticists spoke different languages and found it in- 
creasingly difficult to communicate with one another. 

The naturalists, from the beginning, were particularly fasci- 
nated by diversity, its origin and meaning. The species problem 
was at the center of interest for the taxonomists, whereas evolu- 
tionary trends and the origin of the higher taxa intrigued the pa- 


leontologists and comparative anatomists. By contrast, diversity was 
almost totally excluded from evolutionary discussions of the pre- 
synthesis geneticists. They were only concerned with transforma- 
tional evolution. Their focus was entirely on genes and characters, 
and on their changes (transformation) in time. They wrote as if 
they were unaware that there are taxa, and that they (different 
populations, species, and so on) are the real actors on the evolu- 
tionary stage. Even a phenomenon like adaptive radiation, as El- 
dredge says correctly (1979: 7), “is viewed as a problem of diver- 
gent anatomical specializations among a series of related organisms, 
rather than as a spectrum of discrete species occupying a diverse 
array of ecological niches.” The emphasis was on transformation, 
not on diversity. It was this total neglect of diversity, or at best its 
deus ex machina explanation by de Vriesian mutations or Gold- 
schmidt’s hopeful monsters, which left the naturalists completely 
dissatisfied. 

The disagreement affected almost any aspect of the interpre- 
tation of evolution. The three questions that were disputed partic- 
ularly heatedly were: (1) whether all inheritance is hard (as Weis- 
mann believed) or whether some is soft; (2) whether mutation, 
selection, induction by the environment, or intrinsic tendencies 
are the principal direction-giving factors in evolution; and (3) 
whether evolution is gradual or saltational. Kellogg (1907) has well. 
described how many different combinations of opposing interpre- 
tauons were held by different evolutionists. The disagreement was 
polarized by the rediscovery of Mendel’s rules in 1900, which in- 
duced the early Mendelians to use the particulateness (disconti- 
nuity) of the genetic factors as evidence for the importance of 
saltational processes in evolution, particularly in the origin of spe- 
cies. From that date on, one could speak of two camps of evolu- 
tionists, the Mendelians and the naturalists (Mayr and Provine, 
1980).® 

The interpretation of evolution by either camp was an unfor- 
tunate mixture of valid ideas and of misconceptions. The natural- 
ists had erroneous ideas on the nature of inheritance and of vari- 
ation, while the experimental geneticists, dominated by typological 
thinking, ignored the existence of populations, and concerned 
themselves with the frequency of genes in closed gene pools. They 
ignored the problems of the multiplication of species, of the ori- 
gin of higher taxa, and of the origin of evolutionary novelties. 
Both camps were quite unable to understand—and therefore to 
refute effectively—the arguments of their opponents. 
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The two camps also represented different research traditions. 
The naturalists very much continued in the original Darwinian 
tradition’ of studying natural populations and paying particular 
attention to the problem of the origin of diversity. Most impor- 
tantly, they continued Darwin’s tradition of asking questions about 
ultimate causation. Any question concerning the “why?” of an ad- 
aptation or of any other biological phenomenon was answered 
prior to Darwin with, “It is due to design,” or “It is the result of 
natural law laid down by the Creator.” Both answers excluded the 
given phenomenon, for all practical purposes, from scientific 
analysis. Darwin’s theory of natural selection provided the first 
rational approach to the study of ultimate causes, and such causes 
were the foremost interest of the naturalists. 

The experimental geneticists, by contrast, had derived much 
of their methodology and thinking from the physical sciences. 
They were convinced that their methods were more objective, more 
scientific, and hence superior to the “speculative” approach of the 
evolutionary naturalists. T. H. Morgan (1932), for instance, was 
convinced that only the experimental method would permit “an 
objective discussion of the theory of evolution, in striking contrast 
to the older speculative method of treating evolution as a problem 
of history.” 

The inability to understand the arguments of the opponents 
was aggravated by the fact that experimentalists and naturalists 
dealt, on the whole, with different levels in the hierarchy of nat- 
ural phenomena. The geneticists dealt with genes while the natu- 
ralists dealt with populations, species, and higher taxa. It is only 
in rather recent years that the difficulty of transferring the find- 
ings and conclusions of one hierarchical level to another one, par- 
ticularly to a higher one, has been fully recognized (Pattee, 1973). 
Furthermore, the geneticists, on the whole, worked with the one- 
dimensional system of a single gene pool, while there were mul- 
tidimensional components of geographical space and time in the 
considerations of the naturalists. The issue, however, which sepa- 
rated the two camps most covey, was whether evolution was 
gradual or saltational. 


Gradual Evolution or Saltations? 


Any group of individuals of a species, from the lowest sex- 
ually reproducing organisms to man, shows individual variation. 
This means that the individuals differ from each other in size, 
proportions, intensity of coloration, and many other characteris- 


tics that can either be measured or graded. This variation is also 
referred to as continuous variation, because one extreme end of 
the curve of variation usually grades imperceptibly into the other 
extreme, let us say the smallest and the largest individual, if a 
large enough population sample is available. 

A seemingly entirely different type of variation is represented 
by the occurrence of an occasional individual that falls way out- 
side the norm of variation of a species population. Is such an in- 
dividual perhaps a new species? According to the creationist 
dogma, which was so powerful from the sixteenth to the eigh- 
teenth centuries, all new species have been created “in the begin- 
ning,” that is, at the time of the original creation recorded in Gen- 
esis. The spontaneous occurrence of an occasional individual that 
fell way outside the normal range of variation of the known spe- 
cies was referred to as discontinuous variation, thus a source of 
considerable puzzlement. Was this perhaps evidence for continu- 
ing creation, as postulated by Saint Augustine, or did this indicate 
a far greater plasticity of the species essence than had hitherto 
been accepted? 

Darwin had a rather low opinion of the evolutionary impor- 
tance of discontinuous variation. The occurrence of variant indi- 
viduals who in some character rather strikingly differ from their 
parents and siblings, and—indeed—from all other members of 
their population, is mentioned in the Ongin only casually. When 
Fleeming Jenkin attacked him in 1867, Darwin reduced the num- 
ber of references to such variants even more. As he wrote to Wal- 
lace (L.L.D. III: 108), “I always thought individual differences more 
important; but I was blind and thought that single [discontinuous] 
variations might be preserved much oftener than I now see is pos- 
sible or probable . . . I believe I was mainly deceived by single 
variations offering such simple illustrations, as when man selects.” 
For one like Darwin, who was always searching for causal expla- 
nations, such unique saltations were singularly unsatisfactory. They 
were seemingly accidents of nature and most authors who wrote 
about them never even attempted an explanation. 

When one reads Darwin’s discussions of variation, one senses 
that he felt that it would be easier to explain ordinary continuous 
variability. His theory of natural selection was based on the as- 
sumption of an unlimited supply of individual variation and this 
in turn was based on his observation that every individual is 
uniquely but very slightly different from every other one. He re- 
fers to these individual variants again and again: “We have many 
slight differences which may be called individual differences, such 
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as are known frequently to appear in the offspring from the same 
parents . . . these individual differences are highly important to 
us, as they afford material for natural selection to accumulate. . . 
I believe mere individual differences are amply sufficient.” 

Darwin’s thesis that the gradual accumulation of very slight 
variants by natural selection was the mechanism of evolution was 
not popular among his contemporaries. He was criticized not only 
for failing to explain the causation of this continuous variation but 
also for ignoring or at least underestimating the widely accepted 
importance of discontinuous variation. T. H. Huxley, who re- 
tained considerable allegiance to essentialism all his life, disagreed 
with Darwin’s downgrading of saltations. In his famous Times re- 
view (April 1860) he remarked: “Mr. Darwin’s position might, we 
think, have been even stronger than it is, if he had not embar- 
rassed himself with the aphorism ‘Natura non facit saltum’,; which 
turns up so often in his pages. We believe . . . that nature does 
make jumps now and then, and a recognition of the fact is of no 
small importance.” 

Huxley was not alone in this opinion. Among those who ac- 
cepted evolution after 1859 were not a few who were far more 
impressed by the occurrence of sudden mutations than was Dar- 
win. Botanists and horticulturalists, in particular, cited numerous 
cases, more or less in the same category as Linnaeus’s Peloria (see 
Chapter 6), where a strongly deviant type suddenly originated. 
Nevertheless, Darwin and his friends (such as Asa Gray) contin- 
ued to deny that such aberrant types were of evolutionary impor- 
tance. By the end of the 1880s this apparently had become the 
prevailing opinion. Darwin’s tendency to equate discontinuous 
variation with the production of monstrosities and his argument 
that complex new adaptations could not possibly be acquired by a 
single sudden jump seemed to have carried the day. Weismann 
(1892) was as convinced a gradualist as Darwin: “An abrupt trans- 
formation of a species is inconceivable, because it would render 
the species incapable of existence” (2nd ed., p. 271). But more 
and more other evolutionists concluded that gradual variation was 
insufficient to account for the ubiquitous discontinuities observed 
between species and between higher taxa. 

One who was particularly unhappy over the emphasis on the 
role of gradual change in evolution was the British zoologist Wil- 
liam Bateson (1861-1926), who later played such a decisive role 
in the rise of genetics. His first important work was on the em- 
bryology of the hemichordate Balanoglossus, work done in the lab- 


oratory of the American zoologist William K. Brooks. There Bate- 
son became interested in the problem of evolution and particularly 
in the role of variation, without which natural selection is mean- 
ingless: “Variation, whatever may be its cause. . . is the essential 
phenomenon of Evolution. Variation, in fact is Evolution. The 
readiest way then, of solving the problem of Evolution is to study 
the facts of Variation” (1894: 6). As far as Darwin’s reliance on 
continuous variation as the basis of evolution was concerned, 
Bateson, like T. H. Huxley before him, objected to the “gratuitous 
difficulties which have been introduced by this assumption” (p. 
15). “Species are discontinuous: May not the Variation by which 
Species are produced be discontinuous too?” (p. 18). He repeats 
this suggestion in his conclusion: “Discontinuity . . . has its origin 
not in the environment, nor in any phenomena of Adaptation, 
but in the intrinsic nature of organisms themselves, manifested in 
the original discontinuity of Variation” (p. 567). At that time, cu- 
riously, Bateson’s interest in variation was entirely evolutionary 
rather than genetic. He assembled an enormous amount of ma- 
terial (598 pages) on variation in natural populations and its pos- 
sible role in speciation in his Materials for the Study of Variation. 

To be sure, many variants were simply monstrosities. Bate- 
son, however, concentrated on those deviations from the norm 
that were of the magnitude of species differences. From this evi- 
dence Bateson concluded “that the Discontinuity of which Species 
is an expression has its origin . . . in the intrinsic nature of or- 
ganisms themselves, manifested in the original Discontinuity of 
Variation” (p. 567). “It suggests that the Discontinuity of Species 
results from the Discontinuity of Variation” (p. 568). Bateson did 
not think in terms of populations but in terms of discrete types, 
and he did not change this interpretation to the end of his career 
(see his Toronto address of 1922). Discontinuous variation, thus, 
was for him the key to evolution, and this is why he started his 
program of work on inheritance (see Chapter 16).° 

The events of the ensuing years indicate that Bateson’s ar- 
gument decisively influenced the thinking of many of his contem- 
poraries. At the turn of the century two works appeared that pro- 
moted even more vigorously the thesis that new species originate 
by sudden saltation. The Russian botanist S. Korschinsky (1899; 
1901), further developing a thesis proposed by KGlliker in 1864, 
asserted that all organisms have the capacity to produce occasion- 
ally an offspring which differed discontinuously from other mem- 
bers of the species (“heterogenesis”). Going beyond Darwin (1868), 
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who had reported many such cases among cultivated plants, Kor- 
schinsky emphasized that the deviations from the type were not 
always drastic but might represent any grade of difference from 
the normal condition. The production of such deviant individuals 
was not caused by the environment but was due to an intrinsic 
potentiality. 


De Vries’s Mutationism 

Saltationism received its greatest boost from de Vries’s muta- 
tion theory (1901; 1903). Like Bateson, de Vries started from the 
assumption that there are two kinds of variation. Among these 
“the ordinary or so-called individual variability can not. . . lead 
to a transgression of the species border even under conditions of 
the most stringent and continued selection” (1901: 4). Hence spe- 
ciation must be due to the spontaneous origin of new species by 
the sudden production of a discontinuous variant. “The new spe- 
cies thus originates suddenly, it is produced by the existing one 
without any visible preparation and without transition” (p. 3). 

Unfortunately, de Vries’s argument was entirely circular: he 
called any discontinuous variant a species, hence species originate 
by any single step that causes a discontinuity. The origin of spe- 
cies, he says, is the origin of species characters (p. 131). De Vries 
had no concept of populations or of species as reproductive com- 
munities. He was a strict typologist. His theory of evolution thus 
was based on the assumptions (1) that continuous, individual vari- 
ation is irrelevant, as far as evolution is concerned, (2) that natu- 
ral selection is inconsequential, and (3) that all evolutionary change 
is due to sudden, large mutations and, furthermore, that species 
have mutable and immutable periods. De Vries describes how from 
1886 on he had studied variable species in the surroundings of 
Amsterdam in order to find one that was truly mutable. “I have 
taken into culture in the course of years far more than 100 such 
species, but only a single one lived up to my hopes” (p. 151). All 
other species, he said, were in an immutable period. .The only 
mutable species was Oenothera lamarchana. 

One can only shake one’s head when one reads de Vries’s Die 
Mutationstheorie. This brilliant physiologist and geneticist, whose 
1889 book on intracellular pangenesis was, prior to 1900, the most 
sensible and prophetic discussion of the problems of inheritance, 
violates all the canons of science in his Mutation Theory. Not only 
are most of his conclusions circular, but he builds his entire theory 
on a single exceptional species, postulating without the shadow of 
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a proof that the “far more than 100 other species” which did not 
behave like Oenothera happened to be “in an immutable period.” 
He finally concludes (p. 150) that species do not originate by the 
struggle for existence and natural selection, but are exterminated 
by these factors.!° 

In spite of its evident shortcomings and the vigorous opposi- 
tion by leading naturalists (for example, Poulton, 1908), de Vries’s 
work dominated the thinking of biology from 1900 to 1910. As 
Dunn (1965a: 59) rightly has said, “In some ways the publication 
of the first volume of de Vries’s great work in 1901 made a greater 
impression on biology than the rediscovery of Mendel’s princi- 
ples.” The leading textbook of genetics during the de Vries era 
(Lock, 1906: 144) summarizes the thinking of the Mendelians in 
the statement: “Species arise by mutation, a sudden step in which 
either a single character or a whole set of characters together be- 
come changed.” T. H. Morgan, at first (1903), was most enthu- 
siastic about de Vries’s theory. The Mendelians thought that such 
evolution by mutation refuted gradual evolution by selection. 
Consequently Bateson claimed that “the transformation of masses 
of populations by imperceptible steps guided by selection is, as 
most of us now see, so inapplicable to the fact that we can only 
marvel both at the want of penetration displayed by the advocates 
of such a proposition, and at the forensic skill by which it was 
made to appear acceptable even for a time” (1913: 248). Jo- 
hannsen was even more opposed to any role of selection in evo- 
lution. 

To show how totally he rejected Darwin’s theory of natural 
selection, Bateson remarked condescendingly: “We go to Darwin 
for his incomparable collection of facts [but reject his theoretical 
explanations] . . . for us he speaks no more with philosophical 
authority. We read his scheme of Evolution as we would those of 
Lucretius or of Lamarck” (1914: 8). In this rejection of Darwin, 
Bateson went far beyond de Vries, who insisted that his theory 
was a modification of Darwin’s, not a replacement for it. 

R. A. Fisher (1959: 16) appraised the situation quite rightly 
when he said, “The early Mendelians could scarcely have misap- 
prehended more thoroughly the bearings of Mendel’s discovery 

. . on the process of evolution. They thought of Mendelism as 
having dealt a death blow to selection theory, a particulate theory 
of inheritance implied [to them] a corresponding discontinuity in 
evolution.” As a result, the opinion was widespread that Darwin- 
ism was dead. This led Nordenskidld in his otherwise so authori- 
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tative History of Biology (1920-1924) to the statement: “The [Dar- 
winian] theory has long ago been rejected in its most vital points 
. . . the objections made against the theory on its first appearance 
very largely agree with those which far later brought about its 
fall.” Morgan, among others, thought that mutation pressure alone 
could achieve everything that Darwin had ascribed to’ natural se- 
lection. 

What upset the naturalists most was the frequent assumption 
made by Mendelians (for example, by de Vries) that so-called in- 
dividual or fluctuating variation lacked a genetic basis. This was 
of decisive importance for the evaluation of geographic races, some 
of which were considered by the Darwinians to be incipient spe- 
cies. De Vries had to reject the concept of geographic speciation 
because it was in direct conflict with his mutation theory (specia- 
tion by genetically different individuals). He stated this quite clearly 
with respect to geographic races in man: 

The variability exhibited by man is of the fluctuating kind: 

whereas species arise by mutation. The two phenomena are 

fundamentally different. The assumption that human vari- 
ability bears any relation to the variation which has or is sup- 
posed to have caused the origin of species is to my mind ab- 
solutely unjustified . . . Favorable and unfavorable conditions 
of life, migration to a different climate and so forth affect the 
fluctuating characters of man to no small extent. But only for 
a time; as soon as the disturbing factor is removed, the effect 
which it produced disappears. The.morphological characters 
of the race on the other hand are not in the least affected by 
such influences. New varieties do not arise by this means. Since 
the beginning of the diluvial period man has not given rise to 
any new races or types. He is, in fact, immutable, albeit highly 
variable. [Another of de Vries’s claims without any basis of 
fact!] (1901, I: 155-156) 


The interpretation of evolution by the early Mendelians can 
be summarized in the following conclusions: 


(1) Every change in evolution is due to the occurrence of a 
new mutation, that is, of a new genetic discontinuity. Hence the 
moving force in evolution is mutation pressure. 


(2) Selection is an inconsequential force in evolution, at best 
playing a role in eliminating deleterious mutations. 


(3) Since mutation can explain all evolutionary phenomena, 
individual variation and recombination, neither of which pro- 
duces anything new, can be disregarded. Most continuous individ- 
ual variation is nongenetic. 


The naturalists were dismayed. All that they had discovered 
and described since Wallace’s pioneering paper of 1855 was ig- 
nored by the experimentalists. As Rothschild and Jordan said 
(1903: 492), “Whoever studies the distinction of geographic vari- 
eties closely and extensively, will smile at the conception of an 
origin of species per saltum.” The naturalists saw gradualness 
everywhere and they all believed, at least to some extent, in nat- 
ural selection. Poulton (1908: xviii), not without justification, rid- 
iculed the mutationists by stating, “Mutation without selection may 
be left to those who desire to revive Special Creation under an- 
other name.” 

But the naturalists also had misconceptions. For instance, they 
were so sold on gradualness that they even belittled Mendelian 
inheritance. To be sure, discontinuous characters might obey the 
Mendelian rules, they admitted, but, after all, such characters were 
of little evolutionary consequence. Gradual, quantitative charac- 
ters, the only ones of importance in evolution, did not follow the 
Mendelian rules laid down by de Vries and Bateson, the natural- 
ists claimed, hence one would have to search for another solution. 
And they found this solution either in some orthogenetic capacity 
of evolutionary lines or in neo-Lamarckism. Natural selection, even 
though acknowledged by most of them as an evolutionary force, 
was not the major factor in evolution. Rather the naturalists con- 
tinued to believe in the effects of use and disuse, a direct induc- 
tion by the environment or other manifestations of soft inheri- 
tance. Up to the 1920s and 1930s, virtually all the major books on 
evolution—those of Berg, Bertalanffy, Beurlen, Bdéker, Gold- 
schmidt, Robson, Robson and Richards, Schindewolf, Willis, and 
those of all the French evolutionists, including Cuénot, Caullery, 
Vandel, Guyénot, and Rostand—were more or less strongly anti- 
Darwinian. Among nonbiologists Darwinism was even less popu- 
lar. The philosophers, in particular, were almost unanimously op- 
posed to it, and this opposition lasted until relatively recent years 
(Cassirer, 1950; Grene, 1959; Popper, 1972). Most historians 
likewise rejected selectionism (Radl, Nordenskiéld, Barzun, Him- 
melfarb). 

In various confrontations between the two camps there was 
no evidence of a willingness to compromise; all the argument was 
directed toward trying to prove that the other camp was wrong. 
At a meeting between geneticists and paleontologists at Tubingen 
in 1929, the paleontologists adopted the worst possible strategy 
(Weidenreich, 1929). Instead of concentrating on the evolutionary 
phenomena which the geneticists, particularly the Mendelians, had 
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not been able to explain, they concentrated on trying to prove the 
existence of an inheritance of acquired characters, a subject which 
they were in no manner whatsoever qualified to discuss. And yet, 
there were numerous evolutionary problems that were not at all 
explained by the “changes in the frequency of genes” concept of 
evolution of the geneticists, such as highly uneven rates of evolu- 
tion, the basic constancy of major structural types, the absolute 
discontinuities between them, and the problem of the multiplica- 
tion of species. 

When the controversy between the two camps had started (in 
the 1890s and the early 1900s), both camps held ideas that were 
incompatible with the ideas of the other camp. More importantly 
both camps supported certain explanations that could be refuted 
by the other camp. But it was impossible to recognize this until 
both camps had clarified and, in part, considerably revised their 
own ideas. In order to be able to understand the eventual reso- 
lution of the conflict, it is necessary to describe the advances made 
in both camps, in evolutionary genetics (after about 1906) and in 
evolutionary systematics (from the post-Darwinian period to the 
1930s). These advances eventually made a reconciliation of the 
two opposing camps possible and led to a synthesis of the valid 
components of the two research traditions. 


ADVANCES IN EVOLUTIONARY GENETICS 


What de Vries, Bateson, and Johannsen had been doing was only 
one of several possible kinds of evolutionary genetics and did not 
outlive the first decade of the century. The teachings of Bateson’s 
opponents, the biometricians (Provine, 1971; see Chapter 16) were 
even more short-lived. The simplistic ideas of these pioneers were 
subjected to a rather radical revision by a new generation of ge- 
neticists. Schools that originated in experimental zoology, like that 
of T. H. Morgan at Columbia, stayed closest to the original evo- 
lutionary ideas of Mendelism, stressing mutation and the discon- 
tinuous independence of individual genes (Allen, 1968). But other 
geneticists who had entered genetics from natural history or from 
animal or plant breeding, like Nilsson-Ehle in Sweden, East, Jones, 
Jennings, Castle, and Payne in the United States, and Baur in 
Germany, made findings which showed that there is no conflict 
between the genetic evidence and either natural selection, grad- 
ualness of evolution, or population thinking. 


A detailed history of these findings is presented in Chapter 
17. Those of the greatest importance for the interpretation of 
evolution may be summarized in these statements: 


(1) There is only one kind of variation, large mutations and 
very slight individual variants being extremes of a single gradient. 


(2) Not all mutations are deleterious; some are neutral and 
some are distinctly beneficial. 


(3) The genetic material itself is invariant (constant), that 1s, 
there is no soft inheritance. 


(4) Recombination is the most important source of genetic 
variation in populations. 


(5) Continuous phenotypic variation can be explained as the 
result of multiple factors (polygenes) together with epistatic inter- 
actions and is not in conflict with particulate inheritance. 


(6) A single gene may affect several characters of the phe- 
notype (pleiotropy). 


(7) Experimental as well as observational data demonstrate 
the effectiveness of selection. 


These findings completely refuted the antiselectionist, salta- 
tional evolutionary theories of de Vries and Bateson. Curiously, 
this by no means spelled the end of saltationism, which continued 
for several decades to have substantial support, as for instance by 
the geneticist Goldschmidt (1940), the paleontologist Schindewolf 
(1950) (and other, particularly German, paleontologists), the bot- 
anist Willis (1922; 1940), and some of the philosophers. Eventu- 
ally it was universally accepted that an origin of species and higher 
taxa through individuals does not occur, except in the form of 
polyploidy (principally in plants). The phenomena which the ad- 
herents of macrogenesis had used as support could now be readily 
explained in terms of gradual evolution. Particularly important 
for the reconciliation was the recognition of the importance of 
two previously neglected evolutionary processes: drastically dif-. 
ferent rates of evolution in different organisms and populations, 
and evolutionary changes in small, isolated populations. It was not 
until the 1940s and 50s that well-argued defenses of macrogenesis 
disappeared from the evolutionary literature in the wake of the 
evolutionary synthesis. 

Evolution by mutation pressure, a concept popular from 
Bateson and de Vries to Morgan, also lost ground after 1910 but 
did not disappear entirely, being revived recently by the propo- 


203 


nents of “non-Darwinian evolution.” A belief in mutation pressure 
was losing ground not only because the sentiment in favor of se- 
lection continued to grow stronger, particularly in the 1920s, but 
also because of the discovery of reverse mutation. Steady evolu- 
tionary change through mutation would be possible only if there 
was a cascading of mutations all in the same direction. However, 
if the probability of mutating from a toa’ is no greater than that 
of the reverse mutation from a’ toa, then no evolutionary trend 
can develop. After Morgan had discovered eosin in 1913, a reverse 
mutation from white-eye, more and more reverse mutations were 
discovered, and in many cases the frequency from wild type to 
mutant was no greater than the reverse from mutant to wild type, 
as shown by Muller and Timofeeff-Ressovsky (Muller, 1939). The 
assumption that directional evolution (evolutionary trends) could 
be caused by mutation pressure was made exceedingly improbable 
by these findings. 

Perhaps the most important contribution made by the new 
genetics was the decisive refutation of soft inheritance. This had 
been delayed again and again by claims of an experimental sub- 
stantiation of an inheritance of acquired characters. Some of these 
claims were based on experimental error, others quite clearly were 
fraudulent (Burkhardt, 1980). It is of extraordinary interest how 
often experimenters when they are convinced of the to-be-ex- 
pected outcome of their tests, “produce” data which they were 
unable to get in their actual experiments. This psychological phe- 
nomenon has also been observed in other areas of experimental 
biology (such as cancer research and immunobiology). 

Although the final disproof of soft inheritance had to wait for 
the demonstration, by molecular genetics, that information ac- 
quired by the proteins cannot be transmitted back to the nucleic 
acids (and this was not proven until the 1950s), nevertheless the 
geneticists showed (and this was accepted by such naturalists as 
Sumner, Rensch, and Mayr) that all the phenomena of gradual 
evolution and adaptational variation that had previously been cited 
as evidence for an inheritance of acquired characters could be 
interpreted in terms of constant genes. Contrariwise, all endeav- 
ors to demonstrate soft inheritance were failures (see Chapter 17). 

From the beginning some geneticists were more interested in 
the mechanics of inheritance, others in the evolutionary aspects. 
Those who wanted to understand the genetic basis of evolution 

“increasingly appreciated that evolution was a population phenom- 
enon and that it had to be studied as such. A field began to de- 
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velop that later was designated as population genetics. Workers 
interested in statistics, like Yule, Pearl, Norton, Jennings, Robbins, 
and Weinberg, made the first important contributions to this field. 
We still lack a good history of this period, but it seems that these 
authors had already arrived at many of the later conclusions of 
population genetics. Most of their findings were published in 
technical journals and did not become as widely known as they 
deserved. Regrettably, the naturalists were largely unaware of this 
work.?? 

Eventually it became customary to designate as population ge- 
netics that brand of genetics that investigates the changes of gene 
frequencies in populations. The term “population genetics” is ac- 
tually ambiguous, because two largely independent research pro- 
grams were involved. One is represented by mathematical popula- 
tion genetics connected with the names R. A. Fisher, J. B. S. 
Haldane, and Sewall Wright. Its “populations” were statistical 
populations, and research in this field could be done with pencil 
and paper, later with a calculator, and now with the computer. 
The other population genetics dealt with actual populations of 
living organisms studied -in the field and in the laboratory. The 
history of that branch of population genetics has not yet been writ- 
ten. It is represented by the work of Schmidt (Zoarces), Gold- 
schmidt (Lymantria), Sumner (Peromyscus), Langlet (Pinus), Baur 
(Antirrhinum), Chetverikov, Timofeeff-Ressovsky, Dobzhansky 
(Drosophila), Cain, Sheppard, Lamotte (Cepaea), and Ford and 
Sheppard (Panaxia, Maniola), to mention the names of some of 
the many students of the distribution of genes in natural popula- 
tions and their changes in time. To distinguish it from mathemat- 
ical genetics, Ford (1964) has appropriately designated this field 
as ecological genetics. 

Mathematical population genetics had its beginnings in the 
controversy between the Mendelians (Bateson, in particular) and 
the biometricians (Weldon, Pearson). The biometricians, although 
quite correctly stressing the importance of continuous variation as 
the material of natural selection, had assumed inheritance to be 
blending. The early Mendelians, cognizant of the particulate na- 
ture of inheritance, had stressed discontinuous variation. The main 
development of evolutionary genetics was to show that there is no 
conflict between particulate (nonblending) inheritance, continu- 
ous variation, and natural selection.?” 

The basis of all mathematical population genetics is the so- 
called Hardy-Weinberg equilibrium principle, established in 1908. 
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It states that two alleles (2 and a’) will remain at the same fre- 
quency in a population from generation to generation unless their 
frequency is affected by immigration, mutation, selection, non- 
random mating, or errors of sampling. (For a history of the dis- 
covery of this principle, see Provine, 1971: 131-136.) Much of 
mathematical population genetics of the ensuing thirty years dealt 
with the question of how the genetic composition of populations 
of various sizes is affected by different rates of mutation, different 
selection pressures, and errors of sampling. 

The first question to be studied was how effective selection is 
when the selective advantage of a new allele introduced into a 
population is only slight. The British mathematician H. T. J. Nor- 
ton worked this out for different selection intensities of genes oc- 
curring at different frequencies (1915). To the surprise of almost 
everybody he was able to show that even rather small selective 
advantages or disadvantages (less than 10 percent) led to drastic 
genetic changes in relatively few generations. This finding greatly 
impressed J. B. S. Haldane (who published a series of researches 
on the mathematics of selection in the 1920s) and the Russian 
naturalist-geneticist Chetverikov. The conclusion that alleles only 
slightly differing in selective value could replace each other rather 
rapidly in evolution later induced several neo-Lamarckians (Rensch 
and Mayr, for example) to abandon their belief in soft inheri- 
tance. For it was now evident that phenomena like climatic races 
and other environment-correlated adaptations could be inter- 
preted in terms of selection acting on multiple alleles and genes. 

Beginning with 1918 R. A. Fisher (1890-1962) published a 
series of papers on the mathematics of gene distributions in pop- 
ulations. These researches dealt with the partitioning of genetic 
variance into an additive portion (caused by alleles or indepen- 
dent genes with similar effects) and a nonadditive portion (epi- 
stasis, dominance, and so forth), with the conditions under which 
balanced polymorphism would be maintained, with the role of 
dominance, and with the rate at which a favorable gene would 
spread in populations of different sizes. Some of his findings, as 
on balanced polymorphism, are now so well established that we 
can hardly comprehend that someone had to be the first to work 
this out. Others of his researches are so fertile in conclusions that 
it is only in the last decades that they have been fully applied. 

Fisher’s most important conclusion was that much of contin- 
uous variation, at least in man, is due to multiple Mendelian fac- 
tors rather than to environmental influences. His stress on genes 


with small phenotypic effects was a major contribution to the 
coming reconciliation between geneticists and naturalists. Like most 
mathematical geneticists, Fisher tended to minimize the effects of 
an interaction among gene loci. 

Fisher always thought in terms of large populations, and al- 
though he was fully aware of the existence of errors of sampling, 
he thought that, owing to the selective differential of competing 
genes and to recurrent mutation, such errors of sampling would 
be in the long run of little evolutionary consequence, as is indeed 
true for large populations. Another geneticist, Sewall Wright 
(b.1889), disagreed with Fisher on this point, and this revived an 
old argument which, as a matter of fact, is not entirely settled to 
this day. The first person to advance the thesis that much evolu- 
tionary change is simply a result of chance variation was J. T. 
Gulick (1872). He was led to this thesis when observing the in- 
credible diversity of local populations of Hawaiian landsnails 
(Achatinella) and their seemingly haphazard variation in the ab- 
sence of definable differences in environmental factors. From that 
date on, the thesis that much variation is selectively neutral was 
proposed again and again. Fisher (1922: 328) called such random 
variation the Hagedoorn effect after two Dutch investigators who 
had brought together a great deal of evidence in its support. Their 
thesis (like that of Gulick) was based on the assumption that much 
of such variation is effectively neutral as far as selection is con- 
cerned. Fisher, by contrast, thought that most allelic polymor- 
phism in populations was due to a superiority of heterozygotes. 

Sewall Wright, a student of William E. Castle, had worked 
since 1914 on color inheritance and on the effects of inbreeding 
in guinea pigs. This work had persuaded him that “effective 
breeding populations” (later called demes) even in wild animals 
often were of sufficiently small size to make errors of sampling a 
nonnegligible factor. Although gene flow from adjacent popula- 
tions would usually prevent the random fixation of genes, there 
would nevertheless be sufficient “genetic drift” to favor gene com- 
binations that would be unlikely to occur in large populations. In 
his first major account Wright (1931a) expressed himself in a way 
that sounded as if he were proposing genetic drift as an alterna- 
tive mechanism to natural selection, and this caused considerable 
confusion. Through Dobzhansky’s book (1937) Wright’s thesis be- 
came widely known among evolutionists, and a tendency devel- 
oped in the 1940s and 50s to ascribe to genetic drift almost any 
puzzling evolutionary phenomenon. Drift played an important role 
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in the writings of Dobzhansky and also in Simpson’s (1944) con- 
cept of the “inadaptive phase” of quantum evolution. Eventually 
a reaction to the liberal invoking of genetic drift set in, as de- 
scribed by Mayr (1963: 204-214). 

As a student of Castle, Wright had had considerable contact 
with naturalists and was particularly interested in the 1920s in the 
researches of F. B. Sumner (Provine, 1979). As a result, Wright 
tended to think in terms of natural populations and was aware of 
the changing fitness values of genes. “Genes favorable in one 
combination are . . . extremely likely to be unfavorable in an- 
other” (1931: 153). Unfortunately, he made little use of this in- 
sight in his equations and graphs, where he deals almost exclu- 
sively with single genes and with constant fitness values. Wright, 
like Chetverikov, was greatly impressed by pleiotropic effects: 
“Since genes as a rule have multiple effects . . . it is probable that 
in time a gene may come to produce its major effects on wholly 
different characters than at first” (1931a: 105). Owing to his back- 
ground, Wright, among the mathematical geneticists, was in his 
thinking closest to the thought of the naturalists. That he re- 
garded species as aggregates of populations was a prerequisite for 
his later collaboration with Theodosius Dobzhansky (1900-1975). 


Chetverikov 


A rather different school is represented by the population 
genetics that originated in Russia, primarily through the work of 
Sergei S. Chetverikov (1880-1959) and his students. Russia dif- 
fered in its traditions quite significantly, not only from the United 
States but also from Western Europe. Natural selection had been 
much more widely accepted (prior to the 1920s) than elsewhere, 
and natural history seems to have had a much higher prestige and 
influence at the universities. Even today most zoology students, in 
Moscow for instance, spend their summers at biological field sta- 
tions or elsewhere doing fieldwork. Also, in the USSR there were 
a number of genetics institutes (two in Leningrad, one in Mos- 
cow), and it would seem that in the 1920s the number of geneti- 
cists in the USSR was as large as in all of the rest of continental 
Europe together. Chetverikov was the head of the Department of 
Genetics from 1924 to 1929 in Koltsov’s Institute of Experimental 
Biology in Moscow. He was a passionate butterfly specialist, still 
describing a new species from the Ural mountains when he was 
76 years old. He was equally interested in evolution, publishing in 


1906 a seminal article on population fluctuations, the evolutionary 
importance of which (particularly the bottlenecks) no one had 
previously fully appreciated. From the early 1920s on, Chetveri- 
kov taught genetics and became the leader of a large informal 
group of genetics enthusiasts. In 1929 he had to leave Moscow 
for political reasons and was no longer able to continue his genetic 
researches (Adams, 1968; 1970; 1980a). 

Owing to his own background as a naturalist, Chetverikov an- 
swered the questions and objections of the anti-Mendelians far 
more effectively than did either Morgan or the mathematicians. 
In one of the most important publications in the whole history of 
evolutionary biology (1926) he sets himself “the goal of clarifying 
certain questions on evolution in connection with our current ge- 
netic concepts” (p. 169). First he showed that there is a complete, 
almost “imperceptible transition from mutations that have com- 
pletely normal viability” to mutations of ever lower viability and 
even lethality. The claim that all mutations are deleterious is not 
true. Indeed, as was later shown by Dobzhansky and others, mu- 
tations may occur that are of higher fitness than wild type. Chet- 
verikov saw clearly, as had Fisher and others before him, that a 
new mutant always first appears as a heterozygote and that, if it 
is recessive, it may long remain concealed in the population (un- 
less lost by errors of sampling), because only homozygotes will be 
exposed to selection. He therefore came to the conclusion “that a 
species, like a sponge, soaks up heterozygous mutations, while re- 
maining frem first to last externally (phenotypically) homozygous” 
(p. 178). Thus a great deal of concealed genetic variability ought 
to exist in every species. To test his hunch, he trapped 239 wild 
Drosophila melanogaster females near Moscow, and brother-sister 
mated their offspring. In this small sample he found no less than 
32 loci which segregated for visible recessives, thus confirming his 
supposition. No one before him had suspected the amount of 
concealed variation in a wild population. His students, particularly 
N. V. Timofeeff-Ressovsky, B. L. Astaurov, N. P. Dubinin, and 
D. D. Romashov, rigorously began to analyze genetic variation in 
wild populations, integrating it with experimental research in the 
laboratory. Dobzhansky, although not himself a member of the 
group (he worked with Philipchenko in Leningrad), keenly fol- 
lowed these researches, which were one of the influences on his 
later Drosophila researches. 

For Chetverikov, changes in populations were not the result 
of mutation pressure but of selection. Basing his argument on 
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Norton’s table (1915), he concluded that “even the slightest im- 
provement of the organism [a slightly superior gene] has a defi- 
nite chance of spreading throughout the whole mass of individu- 
als comprising the freely crossing population (species)” (1961: 183). 
It does not matter whether the new gene is dominant or recessive, 
nor whether its selective advantage is 50 percent or only 1 per- 
cent; “the complete replacement of a gene by a better-adapted 
one always proceeds . . . to an end.” In contrast to Fisher and 
Haldane, who devoted most of their efforts to proving the effec- 
tiveness of selection, Chetverikov, in line with the Russian tradi- 
tion, took selection far more for granted. This enabled him to 
turn to other problems. 

Most of Chetverikov’s conclusions were eventually also reached 
independently by Fisher, Haldane, and Wright and entered the 
evolutionary literature of the west primarily from them. Where 
Chetverikov was way ahead of the western group was in his much 
clearer recognition of the evolutionary importance of gene inter- 
action. He emphatically rejected “the former notion of the mosaic 
structure of the organism consisting of various independent genes” 
and concluded that “each inherited trait. . . is determined by not 
just some one gene but by their whole aggregate, their complex.” 
No gene has a constant fitness value, because “the very same gene 
will manifest itself differently, depending on the complex of the 
other genes in which it finds itself’ (p. 190). The phenotypic 
expression of each gene is determined by its “genotypic milieu.” 

Chetverikov had based these conclusions on the discovery, 
particularly by the Morgan group, of pleiotropic gene action, that 
is, the effect of a gene on several components of the phenotype 
(see Chapter 17). His student Timofeeff-Ressovsky had discov- 
ered important manifestations of pleiotropy (1925). By contrast, 
the mathematical population geneticists, especially Fisher and Hal- 
dane, concentrated, for reasons of simplicity of a first approach, 
on the behavior of individual genes. In their equations as well as 
in their graphs, they illustrated the increase or decrease in the 
frequency of individual genes under the effects of selection, mu- 
tation, and errors of sampling. Genetics textbooks in the 1940s 
and 50s suggested laboratory exercises in which genes were rep- 
resented by beans of several colors, placed in a bag, mixed and 
reassembled for each generation, according to certain experimen- 
tal specifications. Since any interaction among genes was excluded 
in these exercises, Mayr (1959d) dubbed the kind of genetics which 
ignored gene interaction as “bean-bag genetics.” Unfortunately, 


too much of mathematical population genetics at that time was 
bean-bag genetics. Even an author like Sewall Wright, who was 
fully cognizant of the importance of gene interaction, dealt in his 
calculations and illustrations almost exclusively with the behavior 
of individual genes. As a result, it was not until the 1950s and 
later that Chetverikov’s concept of the genotypic milieu was fully 
incorporated into the thinking of evolutionary biologists. 

In spite of the fact that Russian language publications were 
hardly ever read outside the USSR, the work of Chetverikov’s 
school was not entirely unknown in England and the United States. 
Not only Chetverikov’s 1927 article but at least three papers by 
Timofeeff-Ressovsky were published in English or German lan- 
guage publications, and a complete translation of Chetverikov’s 
1926 paper was available in Haldane’s laboratory. After leaving 
the USSR, both Timofeeff-Ressovsky and Dobzhansky further 
helped to spread the ideas of the Chetverikov school. There is no 
doubt that it made a substantial contribution to the evolutionary 
synthesis. 

Chetverikov and the mathematical population geneticists 
completed the destruction of the genetic theory of evolution of 
the Mendelians. They confirmed the importance of selection and 
the nonexistence of mutation pressure; they established the ge- 
netic basis of gradual Darwinian evolution and confirmed the non- 
existence of soft inheritance. Finally, they showed that there is 
no conflict between the discontinuity of genes and the continuity 
of individual variation. An important foundation was thus laid for 
a bridge to the camp of the naturalists, who had rejected all along 
the de Vriesian macromutations and mutation pressure and had 
likewise emphasized the importance of gradual evolutionary 
changes and of natural selection. 


ADVANCES IN EVOLUTIONARY 
SYSTEMATICS 


The rapid advances made in evolutionary genetics were paralleled 
by similar advances in systematics or, more broadly, by advances 
in the understanding of organic diversity by naturalists. As a mat- 
ter of fact, the type of population genetics conceived by Chetver- 
ikov involved little more than the transfer of concepts and meth- 
odologies to genetics that had existed in systematics for more than 
a hundred years. I am referring to the study of different geo- 
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graphic races of a species casually discussed by Buffon (for North 
American animals) and Pallas (for Siberian animals) and fully de- 
veloped by Gloger.'* The more perceptive taxonomists since that 
time, have given much thought to innate differences among dif- 
ferent populations, particularly geographical races of species. 

Such population differences are referred to by Linnaeus 
(1739), Buffon (1756), Blumenbach (1775), Pallas (1811), von Buch 
(1825), and Gloger (1827, 1833). It was generally known to for- 
esters from Sweden, Germany, and France from the middle of the 
eighteenth century on (Langlet, 1971). The fact that pines and 
rhododendrons from different altitudes in the Himalayas greatly 
differ in frost hardiness was discovered by Hooker (1853) and 
quoted by Darwin (1859: 140). It was soon recognized that this 
variation was closely correlated with the nature of the environ- 
ment, and the term climatic race was introduced in the middle of 
the nineteenth century. In botany this was extended to a study of 
edaphic factors, the combination of edaphic and climatic factors 
being responsible for the development of ecotypes (Turesson, 1922). 
More geographical in treatment was the work of Baur on Antizr- 
rhinum populations in Spain (Schiemann, 1935; Stubbe, 1966). In 
zoology, these interests led to the studies of Schmidt (1917) on 
fishes, of Goldschmidt on Lymantria, and of Sumner on Peromyscus. 
None of this material was as suitable, however, for a detailed ge- 
netic analysis as Drosophila. It is important to recognize that Chet- 
verikov’s work consisted largely in the application of a classical 
Fragestellung to a new and particularly suitable material. 

The development of population systematics that could easily 
be translated into population genetics was a major contribution of 
the naturalists. They were continuing a tradition, to which Darwin 
himself had belonged, which was concerned with the study of nat- 
ural populations, with variation within populations, and with the 
changes on geographical gradients from population to popula- 
tion. They adopted the population as the unit of evolution, rather 
than the phyletic line favored by the comparative anatomists and 
paleontologists. The naturalists were the only biologists who stud- 
ied isolation and the role of geographical as well as of individual 
variation. Except for the animal breeders they were the first ones 
to understand individuality and to base their methodology on this 
knowledge, resulting in the admonition to collect “series” or to 
make “mass collections.” This, in turn, led to the application of 
statistics, and Galtonian statistics at that, which stresses variance 
rather than mean values. Unfortunately, no adequate history of 


evolutionary natural history is so far available, although some of 
the developments are described in Stresemann’s Ornithology (1975) 
and in historical comments made by Mayr (1963). 

The most important contributions made by the naturalists 
were conceptual ones. A true understanding of natural selection, 
speciation, and adaptation was not possible until population 
thinking had displaced typological thinking. The population 
thinking of the naturalists had a particularly important impact on 
Chetverikov and his school. But it was not the naturalists alone 
who helped to spread this concept. A second source of population 
thinking were, as in Darwin’s day, the animal and plant breeders. 
Those geneticists, like Castle, East, Emerson, and Wright, who had 
the closest contact with breeders also avoided most successfully 
the pitfalls of typological thinking. Among the naturalists it led to 
the new concept of races as variable populations, each with a dif- 
ferent geographical history. It led to the development of the bio- 
logical species concept, and ultumately it culminated in the so-called 
new systematics, more correctly called population systematics (see 
Chapter 6). ; 

It was the naturalists who solved the great species problem, a 
problem which the geneticists either side-stepped altogether or 
answered unsuccessfully in a typological manner. The naturalists 
showed that species are not essentialistic entities, to be character- 
ized morphologically, but that they are aggregates of natural pop- 
ulations that are reproductively isolated from each other and fill 
species-specific niches in nature. A full understanding of the na- 
ture of species could not be achieved until a number of further 
insights had been acquired, such as the distinction between taxon 
and category, and the realization that the word “species” is a re- 
lational term like the word “brother” and that, philosophically 
speaking, a species taxon is an individual, the members of a spe- 
cies being “parts” of this individual. The truth of this assertion 
becomes evident when one considers that the genes of all the 
members of a species are components of the same gene pool (Ghi- 
selin, 1974b; Hull, 1975; see also Chapter 6). 


Speciation 


The new understanding of the nature of populations and of 
species enabled the naturalists to solve the age-old problem of 
speciation—a problem that had been insoluble for those who 
looked for the solution at the level of genes or genotypes. At that 
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level the only solution is instantaneous speciation by a drastic mu- 
tation or other unknown processes. As de Vries (1906) had stated, 
“The theory of mutation assumes that new species and varieties 
are produced from existing forms by certain leaps.” Or as Gold- 
schmidt (1940: 183) had stated, “The decisive step in evolution, 
the first step toward macroevolution, the step from one species to 
another, requires another evolutionary method [that is, the origin 
of hopeful monsters] than that of sheer accumulation of micro- 
mutations.” The naturalists realized that the essential element of 
the speciation process is not the physiological mechanism involved 
(genes or chromosomes) but the incipient species, that is, a pop- 
ulation. Geographic speciation, consequently, was defined by Mayr 
in terms of populations: “A new species develops if a population 
which has become geographically isolated from its parental spe- 
cies acquires during this period of isolation characters which pro- 
mote or guarantee reproductive isolation when the external bar- 
riers break down” (Mayr, 1942: 155). 

The most important conceptual advance was a clear formu- 
lation of the problem. In order to explain speciation it is not suf- 
ficient to explain the origin of variation or of evolutionary changes 
within populations. What must be explained is the origin of re- 
productive isolation between populations. Speciation, thus, is not 
so much the origin of new types as the origin of effective devices 
against the in-flow of alien genes into gene pools. 

This insight had a history of more than a hundred years. The 
first person to state that speciation is in most cases “geographical” 
was von Buch (1825). The concept was strong in Darwin’s 1837- 
38 notebooks and in his 1842 and 1844 essays (Kottler, 1978; Sul- 
loway, 1979), as well as in Wallace’s 1855 paper. But it rather 
weakened in later years (see Chapter 9). Beginning with the 1850s 
Darwin thought that speciation, particularly on continents, could 
also occur without strict geographical isolation, and this involved 
him in a heated controversy with Moritz Wagner. 


The Role of Isolation 

Moritz Wagner (1813-1887), a celebrated explorer, collector, 
and geographer, had devoted three years (1836-1838) to the ex- 
ploration of Algeria. Here he found that each species of flightless 
beetles (Pimelia and Melasoma) invariably was restricted to a stretch 
of the north coast between two rivers descending from the Atlas 
mountains. As soon as one crossed a river, a different but closely 


related species appeared (Wagner, 1841: 199-200). Wagner was 
able to confirm such an isolating capacity of rivers during his later 
travels in western Asia and extended it by comparing faunas at 
either side of mountain ranges (for example, the Caucasus) or, in 
the case of montane species, for major peaks separated by valleys 
such as the great volcanoes of the Andes. This led him to the 
conclusion: 


The formation of a genuine variety: which Mr. Darwin con- 
siders to be an incipient species, will succeed in nature only 

’ where a few individuals transgress the limiting borders of their 
range and segregate themselves spatially for a long period 
from the other members of their species . . . the formation 
of a new race will never succeed in my opinion without a long 
continued separation of the colonists from the other mem- 
bers of their species . . . Unlimited crossing, the uninhibited 
cross fertilization of all individuals of a species will always re- 
sult in uniformity and will turn back to the original condition 
any variety the characters of which have not been fixed 
through a series of generations. 


All this sounds like a rather reasonable description of the 
process of geographic speciation. Unfortunately, Wagner com- 
bined this with some peculiar ideas on variation and selection. He 
felt that the isolation of the founder population resulted in in- 
creased variability, and he also thought that it was only in such an 
isolated population that natural selection truly had an opportunity 
to operate (Sulloway, 1979). : 

This was too much for Darwin, who not only insisted quite 
rightly that natural selection and evolutionary change could take 
place without isolation but also implied rather clearly that isola- 
tion was not a necessary condition for species formation. Darwin 
concludes his rejection of Wagner’s thesis with the emphatic state- 
- ment: “My strongest objection to your theory [of geographic spe- 
ciation] is that it does not explain the manifold adaptations in 
structure in every organic being” (L.L.D., III: 158), as if speciation 
and adaptation were mutually exclusive phenomena. Perhaps 
Darwin was forced into this extreme stand by Wagner’s claim, 
“Organisms which never leave their ancient area of distribution 
will never change” (1889: 82), a statement obviously not strictly 
true but perhaps closer to the truth than was thought in the first 
75 years after it was made. 

In due time Weismann was drawn into the controversy. He 
published (1872) a rejoinder to Wagner which is perhaps the 


215 


216 


weakest of Weismann’s otherwise so outstanding publications. 
Wagner’s original question, “Can species multiply without geo- 
graphic isolation?” was changed into the question, “Is isolation it- 
self the factor which is responsible for the changes in isolated 
populations?” and “Is isolation necessary for varieties to become 
constant?” As in Darwin’s writings, the question of the acquisition 
of- reproductive isolation is nowhere mentioned, and the entire 
emphasis is on the degree of morphological difference. How little 
Weismann and his contemporaries understood what really the es- 
sentials of the problem of the multiplication of species are may be 
illustrated by this quotation. “In this it is quite unimportant how 
they [endemic species occurring in isolated areas] originated, 
whether by amixia in a period of variation or by natural selection, 
which tried to adjust the immigrants to the new environmental 
conditions of the isolated area. The change can even have been 
caused by influences which had nothing to do with the isolation, 
as for example the direct influence of the physical environment 
or the process of sexual selection” (1872: 107). 

Wagner remained very much alone in his insistence on the 
importance of geographic isolation. A. R. Wallace completely sided 
with Darwin and concluded “that geographical or local isolation is 
by no means essential to the differentiation of species, because the 
same result is brought about by the incipient species acquiring 
different habits or frequenting a different station; and also by the 
fact that different varieties of the same species are known to pre- 
fer to pair with their like, and thus to bring about a physiological 
isolation of the most effective kind.” Needless to say, Wallace 
brought forth no proof whatsoever for any of these assertions. 

The ironic aspect of the controversy between Darwin and 
Wagner is that both of them consistently argued past each other. 
Wagner insisted that reproductive isolation could ordinarily not 
be acquired without geographic isolation. Darwin, at that time very 
much fascinated by the principle of divergence, answered “that 
neither isolation nor time by themselves do anything for the mod- 
ification of species” (L.L.D., 11: 335-336), as though Wagner had 
denied the occurrence of phyletic evolution. In his entire corre- 
spondence with Wagner, Semper, and Weismann it is quite evi- 
dent that Darwin failed to understand how difficult a problem the 
acquisition of reproductive isolation is. 

One of the major difficulties was that most of those who joined 
the controversy in the ensuing years—Romanes, Gulick, and even 
Wallace (Lesch, 1975)—made no clear separation of geographical 


and reproductive isolation, nor of individual and geographical 
variation, and often dealt with speciation as if it was the same as 
natural selection.** The confusion is particularly painful in the 
writings of Romanes, who invented the misleading term “physio- 
logical selection” for reproductive isolation. There still is no com- 
pletely critical analysis of this hterature, but one can, on the whole, 
recognize two camps, those who followed Darwin in not clearly 
distinguishing the two kinds of isolation (among them, Weismann, 
Semper, Romanes, Gulick, and Wallace) and those who, following 
Wagner, considered geographical isolation as a factor sw: generis 
and indispensable for speciation (for example, Seebohm, K. Jor- 
dan, D. S. Jordan, Grinnell, a.good many entomologists such as 
H. W. Bates and perhaps Meldola and Poulton, as well as Kerner 
and Wettstein among the botanists). 

After 1900 the theory of speciation through geographic 1SsO- 
lation suffered an almost complete eclipse, because in the theory 
of mutationism (as developed by Bateson and de Vries) isolation 
was no longer considered necessary. Owing to the efforts of D. S. 
Jordan, K. Jordan, Stresemann, Rensch, Mertens, and other tax- 
onomists, the importance of geographical isolation during specia- 
tion was not forgotten altogether. Yet as late as 1937 Dobzhansky 
included both the intrinsic genetic factors and the extrinsic geo- 
graphical barriers in his list of isolating mechanisms. It was one 
of the major theses of Mayr’s Systematics and the Origin of Species 
(1942) that there is a fundamental difference between the two 
kinds of isolating factors and, as Wagner and K. Jordan had pre- 
viously insisted, that geographical isolation is a prerequisite for 
the building up of intrinsic isolating mechanisms. A further con- 
ceptual clarification was achieved by a populational definition of 
isolating mechanisms (Mayr, 1970: 56). However, even today some 
authors confound the mechanisms of speciation—genes, chromo- 
somes, and so forth—with the location of the populations involved 
in speciation (that is, whether the populations are sympatric or 
allopatric), not realizing that the two aspects are independent of 
each other and both are by necessity involved simultaneously. Since 
1942 the importance of geographic speciation, as worked out by 
the naturalists, has not been denied. The main question that has 
remained controversial is the relative importance of alternate pro- 
cesses, such as instantaneous speciation (by polyploidy and other 
chromosomal reorganization) and sympatric speciation. 

One further contribution to evolutionary thought made by 
the naturalists was their recognition of the adaptive nature of geo- 
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graphic variation within species. This strongly reenforced the be- 
lief in gradual evolution. It had been observed by perceptive nat- 
uralists long before 1859 not only that different populations in 
many species differ from each other (geographic variation) but 
also that much of this variation is gradual and correlated with 
factors of the environment—that it is adaptive (Gloger, 1833; 
Bergmann, 1847). The intensive study of such climatic variation 
by Allen (1870s), Sumner (1920s), and Rensch (1920s and 30s) 
provided powerful support in favor of Darwin's thesis of the 
gradualness of evolutionary change as well as of the importance 
of the environment (Mayr, 1963: 309-333). Similar but less sys- 
tematic studies were made in plants, particularly through the 
transplantation of northern individuals of tree species to southern 
latitudes, experiments which confirmed climate-correlated geo- 
graphic variation (Langlet, 1971; Stebbins, 1979). However, in the 
period during which the early Mendelians insisted that genetic 
variation is drastic and discontinuous, such adaptive geographic 
variation was considered by most naturalists (prior to the early 
1930s) as important evidence in favor of soft inheritance (Rensch, 
1929). 


THE EVOLUTIONARY SYNTHESIS 


Through the first third of the twentieth century the gap between 
the experimental geneticists and the naturalists seemed so deep 
and wide that it looked as if nothing would be able to bridge it. 
The distinguished German biologist Buddenbrock said in 1930: 
“The controversy . . . is as undecided today as it was 70 years 
ago. . . neither party had been able to refute the arguments of 
their opponents and one must assume that this situation is not 
going to change very soon” (p. 86). The members of the two camps 
continued to talk different languages, to ask different questions, 
to adhere to different conceptions, as is abundantly evident from 
the contemporary literature (Mayr and Provine, 1980). 

How could this stalemate be broken? How could both camps 
be persuaded to admit that some of their assumptions were erro- 
neous or else—particularly in the case of the experimentalists— 
that their explanatory framework omitted important components? 
Two conditions had to be met before the two camps could unite: 
(1) a younger group of geneticists had to arise who took an inter- 
est in diversity and in the populational aspects of evolution, and 


(2) the naturalists had to learn that the genetic interpretation of 
this second generation of geneticists was no longer opposed to 
gradualism and natural selection. 

When this state had been reached, a meeting of the minds 
came quite suddenly and completely in a period of about a dozen 
years, from 1936 to 1947. It was in these years that biologists of 
the most diverse subdivisions of evolutionary biology and from 
various countries accepted two major conclusions: (1) that evolu- 
tion is gradual, being explicatory in terms of small genetic changes 
and recombination and in terms of the ordering of this genetic 
variation by natural selection; and (2) that by introducing the 
population concept, by considering species as reproductively iso- 
lated aggregates of populations, and by analyzing the effect of 
ecological factors (niche occupation, competition, adaptive radia- 
tion) on diversity and on the origin of higher taxa, one can ex- 
plain all evolutionary phenomena in a manner that is consistent 
both with the known genetic mechanisms and with the observa- 
tional evidence of the naturalists. Julian Huxley (1942) designated 
the achievement of consensus on these points as the evolutionary 
synthesis. It required that the naturalists abandon their belief in 
soft inheritance and that the experimentalists give up typological 
thinking and be willing to incorporate the origin of diversity in 
their research program. It led to a decline of the concept of “mu- 
tation pressure,” and its replacement by a heightened confidence 
in the powers of natural selection, combined with a new realiza- 
tion of the immensity of genetic variation in natural populations. 

This tells us what happened during the synthesis, but it does 
not tell us how it came about. There is now rather general agree- 
ment that the reconciliation was the work of a handful of evolu- 
tionists who were able to build bridges among different fields and 
remove misunderstandings. 


The Architects of the Evolutionary Synthesis 


What qualifications did an evolutionist have to have in order 
to be able to function as a bridge builder? First of all, he had to 
be more than a narrow specialist. He had to be willing to become 
acquainted with areas of biology outside his own field of special- 
ization, and to learn the new findings in these other fields. He had 
to be flexible, able to discard earlier ideas, and able to accept new 
ones. For instance, Sumner, Rensch, and Mayr, who had origi- 
nally believed in soft inheritance, adopted a strict neo-Darwinian 
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interpretation after becoming acquainted with the new genetic 
findings. What is still lacking is a critical analysis of the writings 
of the architects of the synthesis. What, if any, were their new 
ideas? Was it a rich assembly of facts that had the decisive impact? 
Was it the focusing of attention on concrete evolutionary phe- 
nomena (speciation, adaptive radiation, evolutionary trends, and 
so on) that was particularly effective? Which new genetic insights 
were most helpful in eliminating misunderstandings? What was 
the particular role played by each of the bridge builders? None of 
these questions (and there are many others) has yet been fully 
answered. Evidently, only a beginning has been made in the study 
of the evolutionary synthésis (Mayr and Provine, 1980). 

If we define as the architects of the synthesis those authors 
who in major publications actually constructed bridges among 
various fields, six names in particular come to our mind: Dob- 
zhansky (1937), Huxley (1942), Mayr (1942), Simpson (1944; 
1953), Rensch (1947), and Stebbins (1950). It must be stressed 
that there were numerous other evolutionists who had helped to 
“clear the terrain” so that the bridges could be built and who had 
supplied important building materials. This includes, first of all, 
Chetverikov and Timofeeff-Ressovsky in. the USSR; Fisher, Hal- 
dane, Darlington, and Ford in England; Sumner, Dice, Sturte- 
vant, and Wright in the United States; Baur, Ludwig, Stresemann, 
and Zimmermann in Germany; Teissier and !’Héritier in France; 
and Buzzati-Traverso in Italy. Two multiauthor volumes have also 
contributed to the synthesis: Heberer’s edited volume, Die Evolu- 
tion der Organismen (1943), and Julian Huxley’s The New Systematics 
(1940). / 

When one looks at the ten to twelve people most active in the 
synthesis, one finds that each of them occupied his own special 
niche. Mentioning the names Dobzhansky, Simpson, Mayr, Rensch, 
Huxley, and Stebbins makes this very evident. Yet, they all had 
one thing in common: they had recognized the communication 
gap between the various evolutionary schools, and had attempted 
to bridge it by reconciling the gene-frequency approach of T. H. 
Morgan, R. A. Fisher, and others with the population thinking of 
the naturalists. 

As astonishing as its sudden arrival was the rapidity with which 
the synthesis spread through evolutionary biology. At an interna- 
tional symposium at Princeton, New Jersey, held January 2-4, 
1947, in which representatives of the most diverse fields and 
schools (except hardline Lamarckians) participated, there was uni- 


versal and unanimous agreement with the conclusions of the syn- 
thesis. All participants endorsed the gradualness of evolution, the 
preeminent importance of natural selection, and the populational 
aspect of the origin of diversity (Jepsen, Mayr, and Simpson, 1949). 
Not all other biologists were completely converted. This is evident 
from the great efforts made by Fisher, Haldane, and Muller as 
late as the late 1940s and 50s to present again and again evidence 
in favor of the universality of natural selection, and from some 
reasonably agnostic statements on evolution made by a few lead- 
ing biologists such as Max Hartmann. 

There is complete agreement among the participants of the 
evolutionary synthesis as well as among historians that it was one 
particular publication that heralded the beginning of the synthe- 
sis, and in fact was more responsible for it than any other, Dob- 
zhansky’s Genetics and the Origin of Species (1937). As L. C. Dunn 
rightly said in the preface, the book symbolized “something which 
can only be called the Back-to-Nature Movement.” The very first 
chapter was devoted to organic diversity, and other chapters cov- 
ered variation in natural populations, selection, isolating mecha- 
nisms, and species as natural units. Dobzhansky had successfully 
integrated the naturalist’s profound understanding of evolution- 
ary problems with the knowledge which he had acquired in the 
preceding dozen years as an experimental geneticist. Truly he was 
the first to build a solid bridge from the camp of the experimen- 
talists to that of the naturalists. 

The evolutionary synthesis settled numerous old arguments 
once and for all, and thus opened the way for a discussion of 
entirely new problems. It was clearly the most decisive event in 
the history of evolutionary biology since the publication of the 
Origin of Species in 1859. Yet, historians and philosophers of sci- 
ence have been puzzled over just exactly how the synthesis fits 
into the theory of scientific advance. It was definitely not a revo- 
lution, since it was clearly only the final maturation of Darwin’s 
theory of evolution. But does it even deserve the epithet “synthe- 
sis’? This I assert emphatically. 

I described above the radically different thinking and preoc- 
cupations of the two camps of evolutionary biologists, that of the 
experimental geneticists and that of the population naturalists. 
They truly represented two very different “research traditions,” 
as Laudan (1977) has called it. Laudan observes that “there are 
times when two or more research traditions, far from mutually 
undermining one another, can be amalgamated, producing a syn- 
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thesis which is progressive with respect to both the former re- 
search traditions” (p. 103). What happened in evolutionary biol- 
ogy from 1936 to 1947 was precisely such a synthesis between two 
research traditions that had previously been unable to communi- 
cate with each other. There was no victory of one paradigm over 
another, as described in Kuhn’s theory of scientific revolutions, 
but rather “an exchange” of the most viable components of the 
two previously competing research traditions. For this reason it 
would be incorrect to state that the synthesis was merely the ac- 
ceptance by the naturalists of the newer findings of genetics. This 
would ignore the numerous concepts contributed by the natural- 
ists: population thinking, the multidimensionality of the polytypic 
species, the biological species concept (with the species defined as 
a reproductively and ecologically autonomous entity), the role of 
behavior and of change of function in the origin of evolutionary 
novelties, and the entire emphasis on the evolution of diversity. 
All these concepts are indispensable for a full understanding of 
evolution, and yet they had been virtually absent from the con- 
ceptual framework of the experimental geneticists. 

In the short run, it was perhaps the refutation of a number 
of misconceptions that had the greatest impact on evolutionary 
biology. This includes soft inheritance, saltationism, evolutionary 
essentialism, and autogenetic theories. The synthesis emphatically 
confirmed the overwhelming importance of natural selection, of 
gradualism, of the dual nature of evolution (adaptation and di- 
versification), of the populational structure of species, of the evo- 
lutionary role of species, and of hard inheritance. Even though 
this amounted to a drastic narrowing down of the options avail- 
able to an evolutionist, it left many problems unsolved. These 
problems fall into two categories, indicated by these two ques- 
tions: (1) What is the meaning of a given phenomenon (selection, 
gradual evolution, biological species, and so on)? and (2) How does 
a given evolutionary principle or phenomenon actually operate in 
an individual case, and what new problems does this raise (as ap- 
plied to selection, isolation, the production of variation, stochastic 
processes, and so on)? 


INTRODUCTION 


Look at the five “words” below, knowing that they were written with an 
alphabet of 20 letters: 


ILDIGDASAQELAEILKNAKTILWNGP 

GLDIGPDSVKTFNDALDTTQTIIWNGP 
GLDVGPKTRELFAAPIARAKLIVWNGP 
GLDCGTESSKKYAEAVARAKQIVWNGP 
GLDCGPESSKKYAEAVTRAKQIVWNGP 


If I were to tell you the words were typed separately by five different 
monkeys, would you believe me? Not if you have taken more than a 
passing glance at them. “All five words end with WNGP,” you would 
point out to me, “and for monkeys hitting keyboards independently, this 
cannot be.” Actually it can. But the probability of such a coincidence is 
one in 655 billion billions. You would need a pretty large number of 
monkeys for five of them to have a reasonable chance of coming up with 
the same word ending. Surely, a more likely possibility is that the mon- 
keys cheated. They copied! 

Actually, the fraud is even more flagrant than appears at first sight. If 
you look more closely, you will see that four other letters, in addition to 
the terminal four, are the same in all five words (LD in position 2 and 
3, G in position 5, and I in position 22). This lowers the odds of a 


223 


224 


INTRODUCTION 


fortuitous coincidence to one in 429,500 billion billion billion billions. 
Trillions of planets like ours could not possibly provide enough monkeys. 
And this is not all. Five other letters are the same in four out of the five 
words (G in position 1, S in position 8, A in position 13, and AK in 
positions 19-20). Even more striking, the two last words have 25 out of 
27 letters in common; they differ only in positions 6 and 17. There can 
be no doubt. If monkeys there were, they most certainly did not hit their 
typewriters’ keys at random. 

The words shown are not inventions. They represent real things, frag- _ 
ments of molecules called proteins, which are very long chains of up to 
several hundred units called amino acids, of which 20 different kinds are 
used in the assembly of the chains. Each word represents the sequence 
of a 27-amino acid piece (each letter standing for a given kind of amino 
acid) present somewhere in the heart of a large protein molecule con- 
taining more than 400 amino acids. This protein is an enzyme, or bio- 
logical catalyst, known as phosphoglycerate kinase, PGK for short. PGK 
is a key participant in one of the most fundamental processes that take 
place in living organisms, the conversion of sugar to alcohol (or lactic 
acid), which occurs in virtually all forms of life, whether microbes of 
various sorts, plants, molds, or animals (including humans). 

Now comes the central piece of information, which explains why the 
words serve as an introduction to this book. The five structures shown 
belong to the PGKs of five widely different organisms. The first one 
belongs to Escherichia colt, or colibacillus, a common microbe that we all 
harbor in our gut. The others are from the wheat, fruitfly, horse, and 
human PGKs, respectively: 


Colibacillus: ILDIGDASAQELAEILKNAKTILWNGP 


Wheat: GLDIGPDSVKTFNDALDTTQTIIWNGP 
Fruitfly: GLDVGPKTRELFAAPIARAKLIVWNGP 
Horse: GLDCGTESSKKYAEAVARAKQIVWNGP 
Human: GLDCGPESSKKYAEAVTRAKQIVWNGP 


What our monkey parable has brought to light is that the similarities 
among the PGKs of our sample organisms could not possibly be due to 
chance. A possibility could be—this, no doubt, would be the “creationist” 
view—that the similarities betray the intervention of a “hidden hand.” 
But, in that case, why the differences? Why, for example, does the human 
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sequence differ from the fruitfly sequence in twelve amino acids and from 
the horse sequence in only two? No, the explanation given above for the 
monkeys is the correct one. The sequences show similarities because they 
were copied. And, they show differences because occasional copying mis- 
takes were made. Thus, two mistakes would have been made in the horse 
and human lineages, twelve in the human (or horse) and fruitfly lineages, 
since their respective PGKs started being copied separately. Or, as shown 


graphically: 
Human 


(2 mistakes) 


Horse 


(12 mistakes) 


Fruitfly 


Make the additional assumption that it took some 40 million years, 
on an average, for one mistake to be made, and you get the following: 


Human 


(80 mil. years) 


Horse 


(480 million years) 


Fruitfly 


This, very roughly, is what paleontologists have long been telling us 
on the strength of fossil evidence. Humans and horses are derived from 
a common mammalian ancestor from which they diverged some 80 mil- 
lion years ago. The mammals themselves and the insects (the parent 
group of fruitflies) separated from a common ancestral form roughly 500 
million years ago. What is new is that we can now estimate evolutionary 
times in terms of copying accidents (mutations) and that we can extend 
such estimates to lineages that have left no fossil remains. Also, we know 
how the copying takes place. It does not involve the protein molecules 
themselves, as suggested for simplicity’s sake; it involves the DNA genes 


225 


226 


INTRODUCTION 


that encode the amino acid sequences of the protein molecules. For the 
purpose of our argument, it amounts to the same thing. 

More will be said about this fascinating topic in Chapter 7. The main 
point, for the time being, and the reason for this Introduction, is that 
there is now overwhelming evidence that a// known living beings are de- 
scendants through evolution from a single ancestral form of life. Many cogent 
reasons support this affirmation. Its most convincing proof is provided 
by the molecular sequencing results.’ Even the very limited data pre- 
sented in this Introduction should suffice to demonstrate the kinship 
among the five organisms mentioned (which, it should be noted, include 
us and the colibacilli of our intestinal tract). All the other available data— 
and their number is ever increasing—have confirmed this kinship and 
extended it to every other organism so far investigated. This fact is now 
so well established that researchers would be overjoyed if even one ex- 
ception could be found—whether on Earth or elsewhere—because it 
would point to a second, independent origin for life. 


Part V 


Evolution and Membranes 


Introduction 


Singer, S.J., and Nicolson, Garth. The Fluid Mosaic Model of the Structure of Cell 
Membranes, Science Vol. 175, 4023, (Feb. 18, 1972). 
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Part V. Evolution and Membranes: Introduction 


Evolution reflects how well living things solve problems of selective 
pressures in the struggle for survival. Every aspect of an organism has the 
potential to contribute in one way or another to its fitness. Certainly cells and 
cell function play an enormous role in the fitness of organisms. 

It follows that we can infer the evolutionary process at work in 
subcellular systems such as membranes and the biomolecules that they involve. 
And if we consider evolution as a kind of problem-solving process we can 
imagine how membrane systems face and in turn solve problems. How do 
membranes, which are not themselves "alive," accommodate so many of the 
functions that life requires? 

For example, membranes compartmentalize aquaeous regions within 
the eukaryotic cell. Membrane-bound organelles perform an array of cellular 
functions that include storing, sorting, transporting, and communicating. 
Membranes must accommodate energy transformations, changes in pH, and 
differential levels of solute. They allow for the movement of materials as small 
as a water molecule and as large as a segment of RNA. Membranes provide a 
sort of barrier between parts of the cell, but they must remain semi-permeable 
in order to function effectively. 

How does membrane function dictate the structure of the membrane? 
As you have noted in your text, it took scientists many years to determine 
correctly the structure of membranes. The following article, taken from the 
Journal Science, summarizes some of the theoretical and experimental 
perspectives that led scientists to an understanding of membrane structure and 
function. In the article, you will recognize some of the diagrams that are still 
used in textbooks. Remarkably, while the article was written for scientists to 
read, you should be able to understand much of it yourself. 


Questions to consider: 


2. Why is the membrane considered to be a "fluid mosaic"? 
3. Which molecule acts as a "gatekeeper" in the membrane? 


4. In regards to membrane structure our authors ask the question "lipid or 
protein?" How do they answer it? 
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5. Which part of our authors’ approach contradicts the "given" knowledge of 
their time? 


SH 
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The Fluid Mosaic Model of the 
Structure of Cell Membranes 


Cell membranes are viewed as two-dimensional solutions 


of oriented globular proteins and lipids. 


S. J. Singer and Garth L. Nicolson 


Biological membranes play a crucial 
Dees singel at cota phenomena, 
yet our understanding of the molecular 
organization of membranes is still rudi- 
mentary. Experience has taught us, how- 
ever, that in order to achieve a satisfac- 
tory understanding of how any biologi- 
cal system functions, the detailed 
molecular composition and structure of 
that system must be known. While we 
are still a long way from such knowl- 
edge about membranes in general, prog- 
ress at both the theoretical and experi- 
mental levels in recent years has brought 
us to a stage where at least the gross 
aspects of the organization of the pro- 
teins and lipids of membranes can be 
discerned. There are some investigators, 
however, who, impressed with the great 
diversity of membrane compositions and 
functions, do not think there are any 
useful generalizations to be made even 
about the gross structure of cell mem- 
branes. We do not share that view. We 
suggest that an analogy exists between 
the problems of the structure of mem- 
branes and the structure of proteins. 
The latter are tremendously diverse in 
composition, function, and detailed 
structure. Each kind of protein mole- 
cule is structurally unique. Nevertheless, 
generalizations about protein structure 
have been very useful in understanding 
the properties and functions of protein 
molecules. Similarly, valid generaliza- 
tions may exist about the ways in which 
the proteins and lipids are organized in 
an intact membrane. The ultimate test 
of such generalizations, or models, is 
whether they are useful to explain old 
experiments and suggest new ones. 

Singer (J) has recently examined in 


Dr. Singer is a professor of biology at the Uni- 
versity of California at San Diego, La Jolla. Dr. 
Nicolson is a research associate at the Armand 
Hammer Cancer Center of the Salk Institute for 
Biological Studies, La Jolla, California. 


considerable detail several models of 
the gross structural organization of 
membranes, in terms of the thermody- 
namics of macromolecular systems and 
in the light of the then available ex- 
perimental evidence. From this analysis, 
it was concluded that a mosaic struc- 
ture of alternating globular proteins 
and phospholipid bilayer was the only 
membrane model among those analyzed 
that was simultaneously consistent with 
thermodynamic restrictions and with all 
the experimental data available. Since 
that article was written, much new evi- 
dence has been published that strongly 
supports and extends this mosaic model. 
In particular, the mosaic appears to be 
a fluid or dynamic one and, for many 
purposes, is best thought of as a two- 
dimensional oriented viscous solution. 
In this article, we therefore present and 
discuss a fluid mosaic model of mem- 
brane structure, and propose that it is 
applicable to most biological mem- 
branes, such as plasmalemmal and in- 
tracellular membranes, including the 
membranes of different cell organelles, 
such as mitochondria and chloroplasts. 
These membranes are henceforth re- 
ferred to as functional membranes. 
There may be some other membrane- 
like systems, such as myelin, or the 
lipoprotein membranes of small animal 
viruses, which we suggest may be rigid, 
rather than fluid, mosaic structures, but 
such membrane systems are not a pri- 
mary concern of this article. 

Our objectives are (i) to review briefly 
some of the thermodynamics of macro- 
molecular, and particularly membrane, 
systems in an aqueous environment; 
(ii) to discuss some of the properties 
of the proteins and lipids of functional 
membranes; (iii) to describe the fluid 
mosaic model in detail; (iv) to analyze 
some of the recent and more direct 


experimental evidence in terms of the 
model; and (v) to show that the fluid 
mosaic model suggests new ways of 
thinking about membrane functions and 
membrane phenomena. 


Thermodynamics and 
Membrane Structure 


The fluid mosaic model has evolved 
by a series of stages from earlier ver- 
sions (/—4). Thermodynamic considera- 
tions about membranes and membrane 
components initiated, and are still cen- 
tral to, these developments. These con- 
siderations derived from two decades 
of intensive studies of protein and nu- 
cleic acid structures; the thermodynamic 
principles involved, however, are per- 
fectly general and apply to any macro- 
molecular system in an aqueous en- 
vironment. These principles and their 
application to membrane systems have 
been examined in detail elsewhere (/) 
and are only summarized here. For our 
present purposes, two kinds of non- 
covalent interactions are most impor- 
tant, hydrophobic (5) and hydrophilic 
(J). By hydrophobic interactions is 
meant a set of thermodynamic factors 
that are responsible for the sequester- 
ing of hydrophobic or nonpolar groups 
away from water, as, for example, the 
immiscibility of hydrocarbons and 
water. To be specific, it requires the 
expenditure of 2.6 kilocalories of free 
energy to transfer a mole of methane 
from a nonpolar medium to water at 
25°C (5). Free energy contributions of 
this magnitude, summed over the many 
nonpolar amino acid residues of soluble 
proteins, are no doubt of primary im- 
portance in determining the conforma- 
tions that protein molecules adopt in 
aqueous solution (6), in which the non- 
polar residues are predominantly se- 
questered in the interior of the mole- 
cules away from contact with water. 
By hydrophilic interactions is meant a 
set of thermodynamic factors that are 
responsible for the preference of ionic 
and polar groups for an aqueous rather 
than a nonpolar environment. For ex- 
ample, the free energy required to trans- 
fer a mole of zwitterionic glycine from 
water to acetone is about 6.0 kcal at 
25°C, showing that ion pairs strongly 
prefer to be in water than in a non- 
polar medium (/). These and related 
free energy terms no doubt provide the 
reasons why essentially all the ionic 
residues of protein molecules are ob- 
served to be in contact with water, 
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usually on the outer surface of the mol- 
ecule, according to x-ray crystallo- 
graphic studies. Similar thermodynamic 
arguments apply to saccharide residues 
(7). It requires the expenditure of sub- 
stantial free energy to transfer a simple 
saccharide from water to a nonpolar 
solvent, and such residues will therefore 
be in a lower free energy state in con- 
tact with water than in a less polar 
environment. 

There are other noncovalent inter- 
actions, such as hydrogen bonding and 
electrostatic interactions, which also 
contribute to determine macromolecular 
structure. However, with respect to gross 
Structure, with which we are now 
concerned, these are very likely of sec- 
ondary magnitude compared to hhydro- 
phobic and hydrophilic interactions. 

The familiar phospholipid bilayer 
structure illustrates the combined effects 
of hydrophobic and hydrophilic inter- 
actions. In this structure (Fig. 1) the 
nonpolar fatty acid chains of the phos- 
pholipids are sequestered together away 
from contact with water, thereby maxi- 
mizing hydrophobic interactions. Fur- 
thermore, the ionic and zwitterionic 
groups are in direct contact with the 
aqueous phase at the exterior surfaces 
of the bilayer, thereby maximizing hy- 
drophilic interactions. In the case of 
zwitterionic phospholipids such as phos- 
phatidylcholine, dipole-dipole interac- 
tions between ion pairs at the surface 
of the bilayer may also contribute to 
the stabilization of the bilayer structure. 

In applying these thermodynamic 
principles to membranes, we recognize 
first that of the three major classes of 
membrane components—proteins, lip- 
ids, and oligosaccharides—the proteins 
are predominant. The ratio by weight 
of proteins to lipids ranges from about 
1.5 to 4 for those functional membranes 
which have been well characterized 
[compare (7)]. A _ substantial frac- 
tion of this protein most probably plays 
an important role in determining the 
structure of membranes, and the struc- 
tural properties of these proteins are 
therefore of first-order importance. 
Membrane proteins are considered in 
some detail in the following section. At 
this juncture, the significant point is 
that if hydrophobic and hydrophilic in- 
teractions are to be maximized and the 
lowest free energy state is to be at- 
tained for the intact membrane in an 
aqueous environment, the nonpolar 
amino acid residues of the proteins— 
along with the fatty acid chains of the 
phospholipids—should be sequestered 
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Fig. 1. A phospho- 
lipid bilayer: sche- 
matic cross-sectional 
view. The filled cir- 
cles represent the 
ionic and polar head 
groups of the phos- 
pholipid molecules, 
which make contact 
with water; the wavy 
lines represent the 
fatty acid chains. 


(to the maximum extent feasible) from 
contact with water, while the ionic and 
polar groups of the proteins—along 
with those of the lipids and the oligosac- 
charides—should be in contact with the 
aqueous solvent. These requirements 
place restrictions on models of mem- 
brane structure; in particular, they ren- 
der highly unlikely the classical model 
of a trilaminar arrangement of a con- 
tinuous lipid bilayer sandwiched be- 
tween two monolayers of protein. The 
latter mode] is thermodynamically un- 
stable because not only are the non- 
polar amino acid residues of the mem- 
brane proteins in this model perforce 
largely exposed to water but the ionic 
and polar groups of the lipid are se- 
questered by a layer of protein from 
contact with water. Therefore, neither 
hydrophobic nor hydrophilic interac- 
tions are maximized in the classical 
model. 


Some Properties of 


Membrane Components 


Peripheral and integral proteins. It 
seems both reasonable and important 
to discriminate between two categories 
of proteins bound to membranes, which 
we have termed peripheral and integral 
proteins (/). Peripheral proteins may be 
characterized by the following criteria. 
(i) They require only mild treatments, 
such as an increase in the ionic strength 


‘of the medium or the addition of a 


chelating agent, to dissociate them mo- 
lecularly intact from the membrane; 
(ii) they dissociate free of lipids; and 
(iii) in the dissociated state they are 
relatively soluble in neutral aqueous 
buffers. These criteria suggest that a 
peripheral protein is held to the mem- 
brane only by rather weak noncovalent 
(perhaps mainly electrostatic) interac- 
tions and is not strongly associated 
with membrane lipid. The cytochrome 
c of mitochondrial membranes, which 
can be dissociated free of lipids by high 
salt concentrations, and the protein 


spectrin (8) of erythrocyte membranes, 
which can be removed by chelating 
agents under mild conditions, are ex- 
amples of membrane proteins that sat- 
isfy the criteria for peripheral proteins. 
On the other hand, the major portion 
(> 70 percent) of the proteins of most 
membranes have different characteris- 
tics, which may be assigned to integral 
proteins: (i) they require much more 
drastic treatments, with reagents such 
as detergents, bile acids, protein dena- 
turants, or organic solvents, to dissociate 
them from membranes; (ii) in many in- 
stances, they remain associated with 
lipids when isolated; (iii) if completely 
freed of lipids, they are usually highly 
insoluble or aggregated in neutral aque- 
ous buffers (9). 

The distinction between peripheral 
and integral proteins may be useful in 
several regards. It is assumed that only 
the integral proteins are critical to the 
structural integrity of membranes. 
Therefore, the properties and interac- 
tions of peripheral proteins, while in- 
teresting in their own right, may not be 
directly relevant to the central prob- 
lems of membrane structure. The prop- 
erties of cytochrome c, for example, 
may not be typical of mitochondrial 
membrane proteins. Furthermore, the 
biosynthesis of peripheral and integral 
proteins and their attachment to the 
membrane may be very different proc- 
esses. This is not the appropriate oc- 
casion to discuss membrane biogenesis 
in any detail, but it may be significant 
that, although cytochrome c is a mito- 
chondrial protein, it is synthesized on 
cytoplasmic rather than mitochondrial 
ribosomes; in fact only a small fraction 
of the total mitochondrial protein (per- 
haps only the integral proteins of the 
inner mitochondrial membrane?) ap- 
pears to be synthesized on mitochon- 
drial ribosomes (70). In any event, 
because of the relatively unimportant 
membrane structural role assigned to 
the peripheral proteins, they are not a 
primary concern of this article. 

Properties of integral proteins. Since 
the proteins we have classified as in- 
tegral, according to the criteria speci- 
fied, constitute the major fraction of 
membrane proteins, we assume that the 
properties to be discussed apply to the 
integral proteins. 

1) For several well-characterized 
membrane systems, including erythro- 
cyte and other plasma membranes, and 
mitochondrial membranes, the proteins 
have been shown to be grossly hetero- 
geneous with respect to molecular 


weights (//). There is no convincing 
evidence that there exists one predom- 
inant type of membrane protein that is 
specifically a structural protein; recent 
reports to the contrary have been with- 
drawn. We consider this heterogeneity 
to be more significant for a general 
model of membrane structure than the 
fact that in a few specialized instances, 
as in the case of disk membranes of 
retinal rod outer segments (/2, 73), a 
single protein species predominates. A 
satisfactory membrane model must be 
capable of explaining the heterogeneity 
of the integral membrane proteins. 

2) The proteins of a variety of intact 
membranes, on the average, show ap- 
preciable amounts of the a-helical con- 
formation, as was first shown by Ke 
(14), Wallach and Zahler (4), and 
Lenard and Singer (3). For example, 
circular dichroism measurements of 
aqueous suspensions of intact and me- 
chanically fragmented human erythro- 
cyte membranes (provided that we take 
into account certain optical anomalies 
of these measurements) reveal that 
about 40 percent of the protein is in 
the right-handed a-helical conformation 
(75). Most soluble globular proteins 
whose circular dichroism spectra have 
been obtained exhibit a smaller fraction 
of a-helix in their native structures. 
This suggests that the integral proteins 
in intact membranes are largely globu- 
lar in shape rather than spread out as 
monolayers. On the other hand, a 
membrane model in which such globu- 
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lar proteins are attached to the outer 
surfaces of a lipid bilayer (16) would 
not be satisfactory because, among 
other reasons, it would require mem- 
brane thicknesses much larger than the 
75 to 90 angstroms generally observed. 
A model in which globular protein 
molecules are intercalated within the 
membrane would, however, meet these 
restrictions. 

The phospholipids of membranes. 
There is now substantial evidence that 
the major portion of the phospholipids 
is in bilayer form in a variety of intact 
membranes. For example, differential 
calorimetry of intact mycoplasma mem- 
branes shows that they undergo a phase 
transition in a temperature range very 
similar to that of aqueous dispersions of 
the phospholipids extracted from the 
membranes (/6, 17). Thus the structures 
of the lipid in the membrane and of the 
lipid in isolated aqueous dispersion are 
closely similar; presumably the latter is 
the bilayer form. This conclusion is sup- 
ported by x-ray diffraction (/8) and 
spir-label studies (J9) on similar mem- 
brane preparations. 

The bilayer character of membrane 
lipids rules out models such as that of 
Benson (20) in which the proteins and 
lipids form a single-phase lipoprotein 
subunit that is repeated indefinitely in 
two dimensions to constitute the mem- 
brane. In such a model, most of the 
lipids would be expected to have dis- 
tinctly different properties from those 
of a bilayer. 
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Fig. 2. The lipid-globular protein mosaic model of membrane structure: schematic 
cross-sectional view. The phospholipids are depicted as in Fig. 1, and are arranged as 
a discontinuous bilayer with their ionic and polar heads in contact with water. Some 
lipid may be structurally differentiated from the bulk of the lipid (see text), but this 
is not explicitly shown in the figure. The integral proteins, with the heavy lines repre- 
senting the folded polypeptide chains, are shown as globular molecules partially em- 
bedded in, and partially protruding from, the membrane. The protruding parts have 
on their surfaces the ionic residues (— and +) of the protein, while the nonpolar 
residues are largely in the embedded parts; accordingly, the protein molecules are am- 
phipathic. The degree to which the integral proteins are embedded and, in particular, 
whether they span the entire membrane thickness depend on the size and structure of 
the molecules. The arrow marks the plane of cleavage to be expected in freeze-etching 
experiments (see text). [From Lenard and Singer (3) and Singer (/)] 


Two qualifications should be stressed, 
however, concerning the bilayer form 
of membrane lipids. (i) None of the 
evidence so far obtained for the bilayer 
form permits us to say whether the 
bilayer is continuous or interrupted (1). 
The calorimetrically observed phase 
transitions, for example, occur over a 
broad temperature interval, allowing the 
possibility that the cooperative unit in- 
volved in the phase transition is quite 
small, consisting perhaps of only 100 
lipid molecules on the average. (ii) None 
of the experiments mentioned above is 
sufficiently sensitive and quantitative to 
prove whether 100 percent of the phos- 
pholipid is in the bilayer form. It is 
therefore not excluded that some signifi- 
cant fraction of the phospholipid (per- 
haps as much as 30 percent) is physi- 
cally in a different state from the rest 
of the lipid. 

Protein-lipid interactions in mem- 
branes. Several kinds of experiments 
indicate that protein-lipid interactions 
play a direct role in a variety of 
membrane functions. Many membrane- 
bound enzymes and antigens require 
lipids, often specific phospholipids, for 
the expression of their activities [see 
table 2 in (27)]. Furthermore, the 
nature of the fatty acids incorporated 
into phospholipids affects the function 
of certain membrane-bound proteins in 
bacterial membranes (22). 

On the other hand, the calorimetric 
data discussed above give no significant 
indication that the association of pro- 
teins with the phospholipids of intact 
membranes affects the phase transitions 
of the phospholipids themselves. Ex- 
periments with phospholipase C and 
membranes have shown that the en- 
zymic release of 70 percent of the 
phosphorylated amines from _ intact 
erythrocyte membranes profoundly 
perturbs the physical state of the resid- 
ual fatty acid chains, but has no detect- 
able effect (as measured by circular 
dichroism spectra) on the average con- 
formation of the membrane proteins 
(2). Such results therefore suggest that 
the phospholipids and proteins of 
membranes do not interact strongly; in 
fact, they appear to be largely inde- 
pendent. 

This paradox, that different types of 
experiments suggest strong protein-lipid 
interactions on the one hand, and weak 
Or no interactions on the other, can be 
resolved in a manner consistent with 
all the data if it is proposed that, while 
the largest portion of the phospholipid 
is in bilayer form and not strongly 
coupled to proteins in the membrane, 
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a small fraction of the lipid is more 
tightly coupled to protein. With any 
one membrane protein, the tightly 
coupled lipid might be specific; that is, 
the interaction might require that the 
phospholipid contain specific fatty acid 
chains or particular polar head groups. 
There is at present, however, no satis- 
factory direct evidence for such a dis- 
tinctive lipid fraction. This problem is 
considered again in connection with a 
discussion of the experiments of Wilson 
and Fox (23). 


Fluid Mosaic Model 


Mosaic structure of the proteins and 
lipids of membranes. The thermody- 
namic considerations and experimental 
results so far discussed fit in with the 
idea of a mosaic structure for mem- 
branes (/~3, 24) in which globular mol- 
ecules of the integral proteins (perhaps 
in particular instances attached to oli- 
gosaccharides to form glycoproteins, 
or interacting strongly with specific lip- 
ids to form lipoproteins) alternate with 
sections of phospholipid bilayer in the 
cross section of the membrane (Fig. 2). 
The globular protein molecules are pos- 
tulated to be amphipathic (3, 4) as are 
the phospholipids. That is, they are 
structurally asymmetric, with one highly 
polar end and one nonpolar end. The 
highly polar region is one in which the 
ionic amino acid residues and any co- 
valently bound saccharide residues are 
clustered, and which is in contact with 
the aqueous phase in the intact mem- 
brane; the nonpolar region is devoid of 
ionic and saccharide residues, contains 
many of the nonpolar residues, and is 
embedded in the hydrophobic interior 
of the membrane. The amphipathic 
structure adopted by a particular in- 
tegral protein (or lipoprotein) molecule, 
and therefore the extent to which it is 
embedded in the membrane, are under 
thermodynamic control; that is, they 
are determined by the amino acid se- 
quence and covalent structure of the 
protein, and by its interactions with its 
molecular environment, so that the free 
energy of the system as a whole is at a 
minimum. An integral protein molecule 
with the appropriate size and structure, 
or a suitable aggregate of integral pro- 
teins (below) may transverse the entire 
membrane (3); that is, they have re- 
gions in contact with the aqueous sol- 
vent on both sides of the membrane. 

It is clear from these considerations 
that different proteins, if they have the 
appropriate amino acid sequence to 
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adopt an amphipathic structure, can be 
integral proteins of membranes; in this 
manner, the heterogeneity of the pro- 
teins of most functional membranes can 
be rationalized. 

The same considerations may also ex- 
plain why some proteins are membrane- 
bound and others are freely soluble in 
the cytoplasm. The difference may be 
that either the amino acid sequence of 
the particular protein allows it to adopt 
an amphipathic structure or, on the 
contrary, to adopt a structure in which 
the distribution of ionic groups is nearly 
spherically symmetrical, in the lowest 
free energy state of the system. If the 
ionic distribution on the protein sur- 
face were symmetrical, the protein 
would be capable of interacting strongly 
with water all over its exterior surface, 
that is, it would be a monodisperse sol- 
uble protein. 

The mosaic structure can be readily 
diversified in several ways. Although 
the nature of this diversification is a 
matter of speculation, it is important to 
recognize that the mosaic structure need 
not be restricted by the schematic rep- 
resentation in Fig. 2. Protein-protein 
interactions that are not explicitly con- 
sidered in Fig. 2 may be important in 
determining the properties of the mem- 
brane. Such interactions may result 
either in the specific binding of a 
peripheral protein to the exterior ex- 
posed surface of a particular integral 


protein or in the association of two or 
more integral protein subunits to form 
a specific aggregate within the mem- 
brane. These features can be accom- 
modated in Fig. 2 without any changes 
in the basic structure. 

The phospholipids of the mosaic 
structure are predominantly arranged as 
an interrupted bilayer, with their ionic 
and polar head groups in contact with 
the aqueous phase. As has been dis- 


cussed, however, a small portion of the 


lipid may be more intimately associated 
with the integral proteins. This feature 
is not explicitly indicated in Fig. 2. The 
thickness of a mosaic membrane would 
vary along the surface from that across 
a phospholipid bilayer region to that 
across a protein region, with an average 
value that could be expected to corre- 
spond reasonably well to experimentally 
measured membrane thicknesses. 
Matrix of the mosaic: lipid or pro- 
tein? In the cross section of the mosaic 
structure represented in Fig. 2, it is not 
indicated whether it is the protein or the 
phospholipid that provides the matrix of 
the mosaic. In other words, which com- 
ponent is the mortar, which the bricks? 
This question must be answered when 
the third dimension of the mosaic struc- 
ture is specified. These two types of 
mosaic structure may be expected to 
have very different structural and func- 
tional properties, and the question is 
therefore a critical one. It is our hy- 


Fig. 3. The lipid-globular protein mosaic model with a lipid matrix (the fluid mosaic 
model); schematic three-dimensional and cross-sectional views. The solid bodies with 
stippled surfaces represent the globular integral proteins, which at long range are 
randomly distributed in the plane of the membrane. At short range, some may form 


Specific aggregates, as shown. In cross section and in other details, the legend of 
Fig. 2 applies. 


pothesis that functional cell membranes 
have a long-range mosaic structure with 
the lipids constituting the matrix, as is 
shown in Fig. 3. Supporting evidence is 
discussed later. At this point, let us 
consider some of the consequences of 
this hypothesis. 

1) There should generally be no long- 
range order in a mosaic membrane with 
a lipid matrix. By long range, we mean 
over distances of the order of a few 
tenths of a micrometer and _ greater. 
Suppose we have a membrane prepara- 
tion containing many different protein 
species, and suppose further that 10,000 
molecules of protein A are present in 
the membrane of a single cell or or- 
ganelle. How is protein A distributed 
over the membrane surface? If the 
membrane proteins formed the matrix 
of the mosaic, defined by specific con- 
tacts between the molecules of different 
integral proteins, protein A might be 
distributed in a highly ordered, two- 
dimensional array on the surface. On 
the other hand, if lipid formed the 
matrix of the mosaic, there would be no 
long-range interactions intrinsic to the 
membrane influencing the distribution 
of A molecules, and they should there- 
fore be distributed in an aperiodic ran- 
dom arrangement on the membrane 
surface. 

The absence of long-range order 
should not be taken to imply an ab- 
sence of short-range order in the mem- 
brane. It is very likely that such short- 
range order does exist, as, for example, 
among at least some components of the 
electron transport chain in the mito- 
chondrial inner membrane. Such short- 
range order is probably mediated by 
specific protein (and perhaps protein- 
lipid) interactions leading to the forma- 
tion of stoichiometrically defined ag- 
gregates within the membrane. How- 
ever, in a mosaic membrane with a 
lipid matrix, the Jong-range distribu- 
tion of such aggregates would be ex- 
pected to be random over the entire 
surface of the membrane. 

The objection may immediately be 
raised that long-range order clearly 
exists in certain cases where differen- 
tiated structures (for example, synapses) 
are found within a membrane. We sug- 
gest, in such special cases, either that 
short-range specific interactions among 
integral proteins result in the formation 
of an unusually large two-dimensional 
aggregate or that some agent extrinsic 
to the membrane (either inside or out- 
side the cell) interacts multiply with 
specific integral proteins to produce a 
clustering of those proteins in a limited 


area of the membrane surface. In 
other words, we suggest that long-range 
random arrangements in membranes are 
the norm; wherever nonrandom distri- 
butions are found, mechanisms must 
exist which are responsible for them. 

2) It has been shown that, under 
physiological conditions, the lipids of 
functional cell membranes are in a 
fluid rather than a crystalline state. 
(This is not true of myelin, however.) 
This evidence comes from a variety of 
sources, such as spin-labeling experi- 
ments (25), x-ray diffraction studies 
(18), and differential calorimetry (J6, 
17). If a membrane consisted of integral 
proteins dispersed in a fluid lipid matrix, 
the membrane would in effect be a two- 
dimensional liquid-like solution of mon- 
omeric or aggregated integral proteins 
(or lipoproteins) dissolved in the lipid 
bilayer. The mosaic structure would be 
a dynamic rather than a static one. The 
integral proteins would be expected to 
undergo translational diffusion within 
the membrane, at rates determined in 
part by the effective viscosity of the 
lipid, unless they were tied down by 
some specific interactions intrinsic or 
extrinsic to the membrane. However, 
because of their amphipathic structures, 
the integral proteins would maintain 
their molecular orientation and their 
degree of intercalation in the membrane 
while undergoing translational diffusion 
in the plane of the membrane (as dis- 
cussed below). 

In contrast, if the matrix of the mo- 
saic were constituted of integral pro- 
teins, the long-range structure of the 
membrane would be essentially static. 
Large energies of activation would be 
required for a protein component to 
diffuse in the plane of the membrane 
from one region to a distant one be- 
cause of the many noncovalent bonds 
between the proteins that would have 
to be simultaneously broken for ex- 
change to take place. Therefore, a 
mosaic membrane with a protein ma- 
trix should make for a relatively rigid 
structure with essentially no transla- 
tional diffusion of its protein compo- 
nents within the membrane. 

From the discussion in this and the 
previous section, it is clear that the 
fluid mosaic model suggests a set of 
structural properties for functional 
membranes at least some of which can 
be tested experimentally. In an earlier 


-article (J), a large body of experimen- 


tal evidence was examined for its rele- 
vance to models of membrane structure. 
It was concluded that a mosaic struc- 
ture was most consistent with the avail- 


able evidence. Some more recent re- 
sults, however, bear even more directly 
on the problem, and only this evidence 
is discussed below. 


Some Recent Experimental Evidence 


Evidence for proteins embedded in 
membranes. One proposal of the fluid 
mosaic model is that an integral pro- 
tein is a globular molecule having a 
significant fraction of its volume em- 
bedded in the membrane. The results 
of recent freeze-etching experiments 
with membranes strongly suggest that a 
substantial amount of protein is deeply 
embedded in many functional mem- 
branes. In this technique (26) a frozen 
specimen is fractured with a microtome 
knife; some of the frozen water is sub- 
limed (etched) from the fractured sur- 
face if desired; the surface is then 
shadow cast with metal, and the surface 
replica is examined in the electron mi- 
croscope. By this method the topog- 
raphy of the cleaved surface is re- 
vealed. A characteristic feature of the 
exposed surface of most functional 
membranes examined by this technique, 
including plasmalemmal, vacuolar, nu- 
clear, chloroplast, mitochondrial, and 
bacterial membranes (27, 28), is a 
mosaic-like structure consisting of a 
smooth matrix interrupted by a large 
number of particles. These particles 
have a fairly characteristic uniform 
size for.a particular membrane, for 
example, about 85-A diameter for eryth- 
rocyte membranes. Such surfaces re- 
sult from the cleavage of a membrane 
along its interior hydrophobic face 
(29). This interior face (Fig. 2) corre- 
sponds to the plane indicated by the 
arrow. If cleavage were to occur 
smoothly between the two layers of 
phospholipid in the bilayer regions, but 
were to circumvent the protein mole- 
cules penetrating the mid-plane of the 
membrane, then the alternating smooth 
and particulate regions observed on the 
freeze-etch surfaces can be readily ex- 
plained by a mosaic structure for the 
membrane (Fig. 2), provided that the 
particles can be shown to be protein 
in nature. That the particles are indeed 
protein has been suggested by recent 
experiments (30). 

Another consequence of the mosaic 
model, suggested from its inception 
(3), is that certain integral proteins pos- 
sessing the appropriate size and struc- 
ture may span the entire thickness of 
the membrane and be exposed at both 
membrane surfaces. Chemical evidence 


SCIENCE, VOL. 175 


235 


that a trans-membrane protein, whose 
molecular weight is about 100,000, is 
present in large amounts in the human 
erythrocyte membrane has been ob- 
tained by two independent methods— 
one involving proteolysis of normal 
compared to everted membranes (3/), 
and the other specific chemical labeling 
of the membrane proteins (32). 
Distribution of components in the 
plane of the membrane. A prediction 
of the fluid mosaic model is that the 
two-dimensional long-range distribution 
of any integral protein in the plane of 
the membrane is essentially random. 
To test this prediction, we have devel- 
oped and applied electron microscopic 
techniques to visualize the distribution 
of specific membrane antigens over 
large areas of their membrane surfaces 
(33) and have so far studied the dis- 
tribution of the Rh,(D) antigen on 
human erythrocyte membranes (34), and 
of H-2 histocompatibility alloantigens 
On mouse erythrocyte membranes (35). 
In the case of the Rh,(D) antigen, 


for example, cells of O, Rh-positive. 


type were reacted with a saturating 
amount of }*5]-labeled purified human 
antibody to Rh,(D) [anti-Rh,(D)], and 


Oo 


Fig. 4 (left). The outer membrane surface of an Rh-positive human erythrocyte 


the treated (sensitized) cells were lysed 
at an air-water interface, so that the 
cell membranes were spread out fiat. 
The flattened membranes, after being 
picked up on an electron microscope 
grid, were treated with the specific “‘in- 
direct stain,” ferritin-conjugated goat 
antibodies specific for human y-globu- 
lin. Thus, wherever the human anti-Rh, 
(D) molecules were bound to the Rh, 
(D) antigen on the membrane surface, 
the ferritin-labeled goat antibodies be- 
came specifically attached. In other 
words, the human y-globulin antibody 
now functioned as an antigen for the 
goat antibodies (Fig. 4). The ferritin 
was distributed in discrete clusters, each 
containing two to eight ferritin mole- 
clues within a circle of radius about 
300 A. The numbers of such clusters 
per unit aréa of the membrane surface 
corresponded to the number of 1?°]- 
labeled human anti-Rh,(D) molecules 
bound per unit area. This indicates that 
each ferritin cluster was bound to a 
single anti-Rh,(D) molecule, and a clus- 
ter represents the number of goat 
antibody molecules bound to a single 
human y-globulin molecuie. Each clus- 
ter therefore corresponds to a single 


©; 


sensitized with human anti-Rh.(D) and stained with 


Rh,(D) antigen site (36) on the mem- 
brane. Since the clusters were distrib- 
uted in a random array, we conclude 
that the Rh,(D) antigen, which exhibits 
properties of an integral protein (37), 
is molecularly dispersed and is distrib- 
uted in a random two-dimensional array 
on the human erythrocyte membrane. 

Similar experiments were carried out 
with the H-2 alloantigenic sites on 
mouse erythrocyte membranes. In this 
case (Fig. 5) the clusters of ferritin 
molecules of the indirect stain were not 
isolated, as in the case of the Rh,(D) 
antigen, but instead occurred in patches. 
The patchy distribution of the H-2 
histocompatibility alloantigenic sites had 
earlier been observed by different tech- 
niques (38), but the two-dimensional 
distribution of the patches could not be 
ascertained. In our experiments, the 
patches contained variable numbers of 
clusters, and were arranged in an ir- 
regular two-dimensional array on the 
membrane surface. The histocompati- 
bility antigen appears to be glycopro- 
tein in nature (39). The long-range dis- 
tribution of both the Rh,(D) and H-2 
histocompatibility antigens on their re- 
spective membrane surfaces, therefore, 


ferritin-conjugated goat antibody to human y-globulin. The cells were first labeled to saturation with purified “I-labeled human anti- 
body to Rh.(D) and then lysed at an air-water interface. The erythrocyte membrane ghosts, flattened by surface forces (inset, 
low magnification) were picked up on a coated, electron microscope grid and indirectly stained with ferritin-conjugated goat anti- 
bodies to human y-globulin. The ferritin appears bound to the membrane in discrete clusters of two to eight ferritin-conjugates; each 
cluster is circumscribed by a circle of radius 300 A. The number of such clusters per cell (9300) is equal within experimental error to 
the number of “I-labeled human antibody to Rh.(D) molecules bound per cell (10,200). Each cluster therefore corresponds 


to an individua] Rh.(D) antigenic site. Scale is 0.1 4m; inset scale is 1-um. [From Nicolson, Masouredis, and Singer (34)] 


Fig. 


5 (nght). The outer membrane surface on a mouse erythrocyte (H-2”) sensitized with alloantibodies against H-2° histocompatibil- 
ity antigens and stained with ferritin-conjugated antibodies against 75 mouse y-globulin. The procedures are the same as listed in 
the legend to Fig. 4. The ferritin-antibody clusters are present in randomly spaced “patches” of variable size on the membrane sur- 
face. Scale is 0.1 um. [From Nicolson, Hyman, and Singer (35)] 
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are in accord with the prediction of the 
fluid mosaic model that the integral 
proteins of membranes are randomly 
arranged in two dimensions. 

The particles on the inner membrane 
faces revealed by freeze-etching experi- 
ments, which (as discussed above) are 
probably protein in nature, are generally 
also relatively randomly distributed in 
two dimensions. 

Evidence that proteins are in a 
fluid state in intact membranes. An im- 
portant series of experiments has been 
carried out (1/2, 40-44) with receptor 
disk membranes from the retina of the 
frog. This membrane system is unusual 
in that it contains as its predominant, 
if not only, protein component the pig- 
ment rhodopsin. In electron microscopy 
of the negatively stained surfaces of the 
dried membranes, a somewhat tightly 
packed and ordered array of par- 
ticles (about 40 A) was observed. These 
particles are the individual rhodopsin 
molecules. Although the earlier studies 
suggested that there was a long-range 
order in the distribution of the particles 
(40), more recent x-ray diffraction data 
(42) on pellets of wet, receptor disk 
membranes showed that only a few 
orders of reflection were observed cor- 
responding to the spacings of the rho- 
dopsin molecules in the plane of the 
membrane. This indicated that a non- 
crystalline, aperiodic arrangement of 
the particles existed in the plane of the 
membrane. Furthermore, the tempera- 
ture dependence of the characteristics 
of the x-ray diffraction maxima were 
consistent with the suggestion that the 
particles were in a planar liquid-like 
state in the intact membrane. Additional 
support for the existence of this liquid- 
like state was the observation that the 
absorption of a foreign protein (bovine 
serum albumin) to the membrane could 
definitely alter the x-ray spacings due 
to the rhodopsin particles; that is, the 
distribution of the rhodopsin molecules 
in the plane of the membrane was rad- 
ically altered by the weak binding of 
the albumin. This alteration would not 
be expected if a rigid lattice structure 
of the rhodopsin molecules, or aggre- 
gates, were present in the plane of the 
membrane, 

These studies are particularly note- 
worthy because they involved a mem- 
brane which, by conventional electron 
microscopic techniques, appears to show 
long-range periodicity over its surface. 
Other specialized membranes have also 
exhibited ordered electron micrographic 
images of their surfaces [compare (43)). 
However, it is likely that a very concen- 


trated two-dimensional fluid solution of 
identical protein molecules will appear, 
when dried, to be arranged in an or- 
dered array, particularly when optical 
tricks are used to enhance the apparent 
order (43). What is really a fluid phase 
may therefore artifactually be made to 
appear as a crystalline solid. This ap- 
pears to be the situation with the reti- 
nal receptor disk membranes. 

A major contribution to membrane 
studies has been made by Frye and 
Edidin (44), who investigated the mem- 
brane properties of some cell fusion 
heterokaryons. Human and mouse cells 
in culture were induced to fuse with 
One another, with Sendai virus as the 
fusing agent. The distribution of human 
and mouse antigenic components of the 
fused cell membranes was then deter- 
mined by immunofluorescence, with the 
use of rabbit antibodies directed to the 
whole human cells, mouse antibodies 
directed against the H-2 alloantigen on 
the mouse cell membranes, and, as in- 
direct stains, goat antiserum to rabbit 
y-globulin and goat antiserum to mouse 
y-globulin labeled with two different 
fluorescent dyes. Shortly after cell fu- 
sion, the mouse and human antigenic 
components were largely segregated in 
different halves of the fused cell mem- 
branes; but after about 40 minutes at 
37°C the components were essentially 
completely intermixed. Inhibitors of 
protein synthesis, of adenosine triphos- 
phate (ATP) formation, and of gluta- 
mine-dependent synthetic pathways, ap- 
plied before or after cell fusion, had no 
effect on the rate of this intermixing 
process, but lowering the temperature 
below 15°C sharply decreased it. 

Frye and Edidin (44) suggest that 
the intermixing of membrane compo- 
nents is due to diffusion of these com- 
ponents within the membrane, rather 
than to their removal and reinsertion, 
or to the synthesis and insertion of 
new copies of these components, into 
the heterokaryon membrane. An unex- 
plained finding of these experiments was 
the fairly frequent occurrence, at early 
and intermediate times after cell fusion, 
of heterokaryon membranes in which 
the human antigenic components were 
uniformly distributed over the mem- 
brane surface but the mouse compo- 
nents were still largely segregated to 
about half the membrane (My /.-H, 
cells). On the other hand, the reverse 
situation, with the mouse antigenic 
components uniformly spread out over 
the membrane and the human compo- 
nents segregated (M,-Hy,/.), was only 
rarely observed. This result can now be 


explained by a diffusion mechanism for 
the intermixing process, as follows. The 
antibodies to the human ce]l membrane 
were no doubt directed to a heteroge- 
neous set of antigens, whereas the anti- 
bodies to the mouse cell were directed 
specifically to the histocompatibility 
alloantigen. However, the histocompati- 
bility antigens occur as large aggregates 
in the membrane (Fig. 5), and might 
therefore be expected to diffuse more 
slowly than a complex mixture of largely 
unaggregated human antigens in the 
membrane. Thus, at appropriate inter- 
mediate times after cell fusion, signifi- 
cant numbers of (Mj /.-H,;) but not of 
(M,-H,/2) fused cells might appear, to 
be converted at longer times to cells 
with completely intermixed components. 

A rough estimate may be made of 
the average effective diffusion constant 
required of the membrane components 
to account for the kinetics of intermix- 
ing in the Frye-Edidin experiments. 
Taking the average distance of migra- 
tion, x, to have been about 5 micro- 
meters in a time, t, of 40 minutes gives 
an apparent diffusion constant, D = x2/ 
2t, Of 5 10-1 cm?2/sec. For com- 
parison, the diffusion constant of hemo- 
globin in aqueous solutions is about 
7 X 10-7 cm*/sec. The apparent effec- 
tive viscosity of the membrane fluid 
phase is therefore about 10% to 10 
times that of water. 

The Frye-Edidin experiments can be 
rationalized by the fluid mosaic model 
of membrane structure as being the re- 
sult of the free diffusion and intermixing 
of the lipids and the proteins (or lipo- 
proteins) within the fluid lipid matrix. 

Some experiments, however, appear 
to suggest that the lipids of membranes 
are not readily interchangeable within 
the membrane and are therefore not 
free to diffuse independently. For ex- 
ample, Wilson and Fox (23) have 
studied the induction of (-galactoside 
and -glucoside transport systems in 
mutants of Escherichia coli that cannot 
synthesize unsaturated fatty acids. Such 
fatty acids can be incorporated into 
phospholipids, however, if they are sup- 
plied in the growth medium. When cells 
were grown in particular fatty acid sup- 
plements and induced for the synthesis 
of the transport systems, the effect of 
temperature on the transport rate was 
characteristic of that fatty acid. If, then, 
the cells were first grown in medium 
containing oleic acid and then shifted to 
growth in a medium supplemented with 
linoleic acid during a brief period of 
induction of either of the transport sys- 
tems, the effect of temperature on trans- 
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port was said to be characteristic of cells 
grown continually in the linoleic acid 
medium. In other words, although most 
of the phopholipids of the membrane 
contained oleic acid chains, these did 
not appear to exchange with the newly 
synthesized small amounts of phospholi- 
pids containing linoleic acid chains. 
These experiments, however, do not 
necessarily contradict the thesis that 
most of the phospholipids of membranes 
are freely diffusible and, ‘hence, ex- 
changeable. For example, each of the 
two transport systems might be or- 
ganized in the membrane as a specific 
protein aggregate containing intercal- 
ated and strongly bound phospholipid 
components. If such lipoprotein aggre- 
gates had first to be assembled in order 
to be incorporated into the bulk lipid 
matrix of the membrane, the results of 
Wilson and Fox would be anticipated. 
In particular, the small fraction of 
the membrane phospholipid that was 
strongly bound, and perhaps segregated 
in such aggregates from the bulk of the 
membrane lipid, might not exchange 
rapidly with the bulk lipid. The Wilson- 
Fox experiments therefore do not re- 
quire that the major part of the mem- 
brane phospholipid be static, but only 
that a small fraction of the lipids be 
structurally differentiated from the rest. 
The structural differentiation of some 
of the membrane lipid by strong bind- 
ing to integral proteins is a possibility 
that was discussed above. 

The observations of Wilson and Fox, 
that there is a significant coupling of 
lipid and protein incorporation into 
membranes, appear to be a special case. 
The experiments of Mindich (45) dem- 
onstrate that more generally lipid and 
protein incorporation into bacterial 
membranes can occur independently, 
and that quite wide variations in the ratio 
of lipids and proteins in the membrane 
can be produced in vivo, as might be 
expected from the fluid mosaic model 
of membrane structure. 

The asymmetry of membranes. A 
substantial amount of evidence has ac- 
cumulated showing that the two sur- 
faces of membranes are not identical 
in composition or structure. One aspect 
of this asymmetry is the distribution of 
oligosaccharides on the two surfaces of 
membranes. There exist plant proteins, 
called lectins or plant agglutinins, which 
bind to specific sugar residues, and, as 
a result, can cause the agglutination of 
cells bearing the sugar residues on their 
surfaces. By conjugating several such 
agglutinins to ferritin, we have been able 
to visualize the distribution of oligosac- 
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charides on membranes in the electron 
microscope (33). For example, the fer- 
ritin conjugate of concanavalin A, a 
protein agglutinin that binds specifically 
to terminal a-D-glucopyranosyl or «-D- 
mannopyranosyl residues (46), attaches 
specifically to the outer surface of eryth- 
rocyte membranes and not at all to 
the inner cytoplasmic surface (33). A 
similar, completely asymmetric distri- 
bution of ferritin conjugates of ricin {a 
protein agglutinin) on the membranes 
of rabbit erythrocytes is shown in Fig. 
6. Ricin binds specifically to terminal 
B-D-galactopyranosyl and sterically re- 
lated sugar residues (47). Such asym- 
metry has now been observed with 
several ferritin-conjugated agglutinins 
and a number of different mammalian 
cell plasma membranes (48). These find- 
ings extend earlier results obtained by 
different methods (49). 

The foregoing observations bear on 
many problems, including cell-cell inter- 
actions and membrane biogenesis (50). 
In the context of this article, however, 
the absence of oligosaccharides on in- 
ner membrane surfaces indicates that 
rotational transitions of the glycopro- 
teins of erythrocyte and other plasma 
membranes from the outer to the inner 


surfaces must occur at only negligibly 
slow rates. This conclusion probably 
applies to membrane proteins other 
than glycoproteins; for example, the 
Na,K-dependent and Mg-dependent 
adenosine triphosphatase activities of 
erythrocyte membranes are exclusively 
localized to the inner cytoplasmic sur- 
faces (5/). Individual molecules of spin- 
labeled zwitterionic and anionic phos- 
pholipids also exhibit very slow inside- 
outside transitions in synthetic vesicles 
of phospholipid bilayers (52). The very 
slow or negligible rates of such transi- 
tions can be explained by the mosaic 
model and the thermodynamic argu- 
ments already discussed. If the integral 
proteins (including the glycoproteins) 
in intact membranes have, like the phos- 
pholipids, an amphipathic structure, a 
large free energy of activation would 
be required to rotate the ionic and polar 
regions of the proteins through the 
hydrophobic interior of the membrane 
to the other side. 

To accommodate the fluid mosaic 
model to these conclusions concerning 
asymmetry, we specify that, while the 
two-dimensional translational diffusion 
of the integral proteins and the phos- 
pholipids of membranes occurs freely, 


Fig. 6. The inner (i) and outer (0) membrane surfaces of a rabbit ‘erythrocyte mem- 
brane that has been stained with ferritin-conjugated ricin. In preparing membrane speci- 
mens such as are shown in Figs. 4 and 5, occasionally a cell lyses with membrane 
‘rupture such that both inner and outer surfaces of the membrane are exposed. In this 
case the mounted membrane was stained with ferritin conjugated to ricin, a plant agglu- 
tinin that specifically binds to terminal -p-galactopyranosyl and sterically related 
terminal sugar residues in oligosaccharides. The ferritin-agglutinin is found on the outer 
membrane surface only. The scale is equivalent to 0.1 um; the insert scale is equiva- 


lent to 1 um. 


the rotational diffusion of these com- 
ponents is generally restricted to axes 
perpendicular to the plane of the mem- 
brane; that is, in general, molecular 
tumbling does not occur at significant 
rates within the membrane. The asym- 
metry of the membrane introduces 
another factor into the problem of 
translational diffusion of membrane 
components. In the experiments of Frye 
and Edidin (44) only those membrane 
antigens exposed at the outer surface of 
the membrane were labeled by fluores- 
cent antibodies, and the conclusion that 
these particular antigens were mobile in 
the plane of the membranes therefore, 
strictly speaking, applies only to those 
components accessible at the outer sur- 
face. Whether components confined to 
the inner surfaces also intermix and 
diffuse should be separately established. 

Thus, recent evidence obtained with 
many experimental methods and differ- 
ent kinds of functional membrane sys- 
tems is entirely consistent with the pre- 
dictions of the fluid mosaic model of 
membrane structure and provides strong 
support for the model. It seems amply 
justified, therefore, to speculate about 
how a fluid mosaic structure might 
carry out various membrane functions, 
and to suggest specific mechanisms for 
various functions that can be subjected 
to experimental tests. 


The Fluid Mosaic Model and 


Membrane Functions 


The hypothesis that a membrane is 
an oriented, two-dimensional, viscous 
solution of amphipathic proteins {or 
lipoproteins) and lipids in instantaneous 
thermodynamic equilibrum, leads to 
many specific predictions about the 
mechanisms of membrane functions. 
Rather than catalog a large number of 
these, we suggest some directions that 
such speculations may usefully take. 
Among these problems are nerve im- 
pulse transmission, transport through 
membranes, and the effects of specific 
drugs and hormones on membranes (J). 
The fluidity of the mosaic structure, 
which introduces a new factor into such 
speculations, is emphasized here. This 
new factor may be stated in general 
form as follows. The physical or chem- 
ical perturbation of a membrane may 
affect or alter a particular membrane 
component or set of components; a re- 
distribution of membrane components 
can then occur by translational diffu- 
sion through the viscous two-dimen- 


sional solution, thereby allowing new 
thermodynamic interactions among the 


altered components to take effect. This. 


general mechanism may play an im- 
portant role in various membrane-me- 
diated cellular phenomena that occur 
on a time scale of minutes or longer. 
Much more rapidly occurring phenom- 
ena, such as nerve impulse transmission, 
would find the mosaic structure to be a 
Static one, insofar as translational diffu- 
sion of the membrane components is 
concerned. In order to illustrate the 
concepts involved, we discuss two spe- 
cific membrane phenomena. 

Malignant transformation of cells and 
the “exposure of cryptic sites.” Normal 
mammalian cells grown in monolayer 
culture generally exhibit “contact in- 
hibition”; that is, they divide until they 
form a confluent monolayer and they 
then stop dividing. Cells that have be- 
come transformed to malignancy by 
oncogenic viruses or by chemical car- 
cinogens lose the property of contact 
inhibition; that is, they overgrow the 
monolayer. For some time, this experi- 
mental finding has been thought to re- 
flect the difference between the normal 
and the malignant states in vivo, and 
to be due to differences in the surface 
properties of normal and malignant 
cells. Much excitement and investiga- 
tive activity therefore attended the dem- 
onstration (53, 54) that malignant trans- 
formation is closely correlated with a 
greatly increased capacity for the trans- 
formed cells to be agglutinated by sev- 
eral saccharide-binding plant aggluti- 
nins. Furthermore, mild treatment of 
normal cells with proteolytic enzymes 
can render them also more readily ag- 
glutinable by these protein agglutinins. 
Burger (54) has suggested, therefore, 
that the agglutinin-binding sites are pres- 
ent on the membrane surfaces of nor- 
mal cells but are “cryptic” (Fig. 7A) 
(that is, they are shielded by some other 
membrane components from effectively 
participating in the agglutination proc- 
ess), and that proteolytic digestion of 
normal cells or the processes of malig- 
nant transformation “exposes” these 
cryptic sites on the membrane surface. 
In some cases, quantitative binding 
studies have indeed indicated that no 
significant change in the numbers of 
agglutinin-binding sites on the mem- 
brane accompanies either mild pro- 
teolysis of normal cells or malignant 
transformation (55). 

An alternative explanation of these 
phenomena (Fig. 7B), based on the 
fluid mosaic model of membrane struc- 


ture, may be proposed. Consider first 
the proteolysis experiments with nor- 
mal cells. Suppose that the integral gly- 
coproteins in the normal cell mem- 
brane are molecularly dispersed in the 
fluid mosaic structure. It is likely that 
mild proteolysis would preferentially 
release a small amount of glycopeptides 
and other polar peptides from these 
proteins because these are the most 
exposed portions of the integral pro- 
teins at the outer surface of the mem- 
brane (Figs. 2 and 3). The remaining 
portions of these proteins may still 
contain a large fraction of their original 
oligosaccharide chains after the limited 
proteolysis, but the release of some of 
the more polar structures would make 
the remaining portions more hydro- 
phobic. As these more hydrophobic 
glycoproteins diffused in the membrane, 
they might then aggregate in the plane 
of the membrane. The result would be 
a clustering of the agglutinin-binding 
sites on the enzyme-treated cell sur- 
face, as compared to the normal un- 
treated surface. Such clustering (with 
no increase, or perhaps even a decrease 
in the total numbers of sites because 
of digestion) could enhance the agglu- 
tination of the treated cells, as com- 
pared to that of normal cells, because 
it would increase the probability of 
agglutinin bridges forming between the 
surfaces of two cells. 

In malignant transformation, distinct 
chemical changes in the glycolipids and 
the glycoproteins of the cell membrane 
are known to occur (56), and the en- 
hanced agglutinability of the transform- 
ed cells may be much more complicated 
than is the case in the proteolysis of 
normal cells. If, however, the two phe- 
nomena do have a basic feature in com- 
mon, it could be a similar clustering of 
saccharide-binding sites on the trans- 
formed and the enzyme-treated normal 
cells. In malignant transformation, such 
clustering could be the result of the 
chemical changes in the membrane 
mentioned above; or some virus-induced 
gene product (57) may be incorporated 
into the cell membrane and serve as a 
nucleus for the aggregation of the ag- 
glutinin-binding glycoproteins within the 
membrane. 

These suggestions can be tested ex- 
perimentally by the use of ferritin-con- 
jugated agglutinins (33) as already dis- 
cussed (Fig. 6). The prediction is that 
with normal cells subjected to mild 
proteolysis, and also with malignant 
transformed cells, the total number of 
ferritin-agglutinin particles specifically 
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bound to the outer surfaces of the cells 
might not be greatly different from those 
of normal cells, but larger clusters of 
ferritin particles would be found. 

Cooperative phenomena in mem- 
branes. By a cooperative phenomenon 
we mean an effect. which is initiated 
at one site on a complex structure and 
transmitted to another remote site by 
some structural coupling between the 
two sites. A number of important 
membrane phenomena may fall into 
this category. However, before enum- 
erating them, we should first discrimi- 
nate between two types of cooperative 
effects that may occur. These can be 
termed trans and cis. Trans effects refer 
to cooperative (allosteric) changes that 
have been postulated to operate at some 
localized region on the membrane sur- 
face, to transmit an effect from one side 
of the membrane to the other (58). For 
example, an integral protein may exist in 
the membrane as an aggregate of two (or 
more) subunits, one of which is expcsed 
to the aqueous solution at the outer sur- 
face of the membrane, and the other 
is exposed to the cytoplasm at the inner 
surface. The specific binding of a drug 
or hormone molecule to the active site 
of the outward-oriented subunit may 
induce a conformational rearrangement 
within the aggregate, and thereby change 
some functional property of the aggre- 
gate or of its inward-oriented subunit. 
By cis effects, on the other hand, we 
refer to cooperative changes that may 
be produced over the entire membrane, 
or at least large areas of it, as a conse- 
quence of some event or events occur- 
ring at only one or a few localized 
points on the membrane surface. For 
example, the killing effects of certain 
bacteriocins on bacteria (59), the lysis 
of the cortical granules of egg cells 
upon fertilization of eggs by sperm 
(60), and the interaction of growth 
hormone with erythrocyte membranes 
(61) are cases which may involve 
transmission and amplification of local- 
ized events over the entire surface of 
a membrane. These phenomena may 
not all occur by the same or related 
mechanisms, but in at least two experi- 
mental studies, that involving the inter- 
action of colicin E, with intact Esche- 
richia coli cells (62), and that of human 
growth hormone and isolated human 
erythrocyte membranes (61), there is 
substantial evidence that long-range cis- 
type cooperative effects intrinsic to the 
membranes are involved. 

The question we now address is, How 
might such cis effects work? Changeux 
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and his co-workers (63) have pro- 
posed an extension to membranes of 
the Monod-Wyman-Changeux allosteric 
model of protein cooperative phenom- 
ena, using as a model of membrane 
structure an infinite two-dimensional 
aggregate of identical lipoprotein sub- 
units [as, for example, the model de- 
scribed by Benson (20)]. In this theo- 
retical treatment, the individual subunits 
are capable of existing in either of two 
conformational states, one of which 
has a much larger binding affinity for 
a specific ligand than does the other. 
The binding of a single ligand molecule 
to any one subunit then triggers the 
cooperative conversion of many of the 
subunits to the ligand-bound confor- 
mation, in order to maximize the inter- 
actions among the subunits. 

This theory as presented relies on 
the membrane model used. If, however, 
the membrane is not a two-dimensional 
ageregate of lipoprotein subunits, but 
is instead a fluid mosaic of proteins 
ana lipids, the physical situation would 
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be quite different. The basic theory of 
Changeuex et al. (63) might still be 
formally applicable, but with impor- 
tant changes in physical significance. It 
is possible, for example, that a particu- 
lar integral protein can exist in either 
of two conformational states, one of 
which is favored by ligand binding; in 
its normal unbound conformation the 
integral protein is monomolecularly 
dispersed within the membrane, but in 
the conformation promoted by ligand 
binding, its aggregation is thermody- 
namically favored. The binding of a 
ligand molecule at one integral protein 
site, followed by diffusion of the non- 
liganded protein molecules to it, might 
then lead to an aggregation and simul- 
taneous change in conformation of the 
aggregated protein within the mem- 
brane. This mechanism could result in 
a long-range cis-type cooperative phe- 
nomenon, if the eventual aggregate 
size was very large and if its presence 
produced local perturbations in the 
properties of the membrane. However, 
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Fig. 7. Two different mechanisms to explain the findings that either malignantly trans- 
formed cells or normal cells that are subjected to mild proteolysis become much 
more readily agglutinable by several plant agglutinins. (A) The mechanism of Burger 
(54): agglutinin-binding sites that are present on the surfaces of normal cells, but are 
obstructed (“cryptic sites”), are exposed by proteolysis or the processes of malignant 
transformation. (B) The redistribution mechanism (see text): the agglutinin sites on 
normal cell surfaces are largely monomolecularly dispersed in the fluid mosaic struc- 
ture, but on proteolysis or malignant transformation, they diffuse and aggregate in 
clusters. The probability of agglutination of two such modified cells is enhanced by 


the clustering of binding sites. 


the transition would occur at a rate 
and over a time period determined by 
the rate of diffusion of the molecules 
of the integral protein in the fluid 
mosaic membrane. This time period is 
likely to be relatively long, of the order 
of minutes (44), as already mentioned. 
On the other hand, if cis-type cooper- 
ative effects occurred in a lipoprotein 
subunit model according to the mecha- 
nism postulated by Changeux et al. 
(63), one would expect the coopera- 
tive change to be much faster. Con- 
formation changes in the soluble allo- 
steric protein aspartyltranscarbamylase, 
for example, have half-times of the 
order of 10 milliseconds (64). It is 
therefore of some interest that in the 
studies of the interaction of colicin 
E, and E. coli the fluorescence changes 
that marked the apparent cis-type co- 
operative transitions in the cell mem- 
brane occurred over intervals of one 
to several minutes (62). If this sug- 
gested mechanism for the colicin effect 
is valid, one would predict that (i) 
freeze-etching experiments on the -coli- 
cin-treated bacteria (28) might reveal 
an aggregation of normally dispersed 
particles at the inner membrane face, 
or (ii) changes in membrane fluidity, 
such as would be produced by suitable 
changes in temperature or by different 
compositions of membrane phospho- 
lipids (65), might markedly affect the 
kinetics of the fluorescence changes 
that are observed on addition of the 
colicin to the bacteria. 

In this discussion of membrane func- 
tions, some detailed mechanisms to 
account for two membrane phenomena 
have ‘been presented. It may well tum 
out that these mechanisms are incor- 
rect. Our object has been not so much 
to argue for these specific mechanisms, 
as to illustrate that the fluid mosaic 
model of membrane structure can sug- 
gest novel ways of thinking about 
membrane functions—ways that are 
amenable to experimental tests. Other 
membrane phenomena may be influ- 
enced by similar diffusional mechanisms: 
for example, cell-cell and _ cell-sub- 
strate interactions, where the apposition 
of intense local electric fields to a cell 
membrane may affect the distribution 
of electrically charged integral proteins 
within the membranes; or the specific 
binding of multivalent antibody to cell 
surface antigens, where the simultane- 
ous binding of one antibody molecule 
to several molecules of the antigen 
may induce rearrangements of the dis- 
tribution of the antigen in the plane of 


the membrane, an effect that may be 
involved in the phenomenon of anti- 
genic modulation (66). There are other 
specific examples as well. 

It may well be that a number of 
critical metabolic functions performed 
by cell membranes may require the 
translational mobility of some impor- 
tant integral proteins. This could be 
the ultimate significance of the long- 
Standing observation (67) that the 
membrane lipids of poikilothermic orga- 
nisms contain a larger fraction of un- 
saturated fatty acids the lower their 
temperature of growth. Appropriate 
enzymes apparently carry out the nec- 
essary biochemical adjustment (68) 
that keeps the membrane lipids in a 
fluid state at the particular temperature 
of growth; if these enzymes are not 
functional, for example, because of 
mutations, the organism—to grow at 
the lower temperature (65)—must be 
supplied with the unsaturated fatty acid 
exogenously. While it has been sug- 
gested before that the maintenance of 
lipid fluidity may be important to 
carrier mechanisms operating across a 
functional membrane, it is also possible 
that the real purpose of fluidity is to 
permit some critical integral proteins 
to retain their translational mobility in 
the plane of the membrane, as an 
obligatory step in their function. 


Summary 


A fluid mosaic model is presented 
for the gross organization and structure 
of the proteins and lipids of biological 
membranes. The model is consistent 
with the restrictions imposed by ther- 
modynamics. In this model, the pro- 
teins that are integral to the membrane 
are a heterogeneous set of globular 
molecules, each arranged in an amphi- 
pathic structure, that is, with the ionic 
and highly polar groups protruding 
from the membrane into the aqueous 
phase, and the nonpolar groups largely 
buried in the hydrophobic interior of 
the membrane. These globular molecules 
are partially embedded in a matrix of 
phospholipid. The bulk of the phospho- 
lipid is organized as a discontinuous, 
fluid bilayer, although a small fraction 
of the lipid may interact specifically 
with the membrane proteins. The fluid 
mosaic structure is therefore formally 
analogous to a two-dimensional ori- 
ented solution of integral proteins (or 
lipoproteins) in the viscous phospho- 
lipid bilayer solvent. Recent experi- 


ments with a wide variety of techniques 
and several different membrane sys- 
tems are described, all of which are 
consistent with, and add much detail 
to, the fluid mosaic model. It therefore 
seems appropriate to suggest possible 
mechanisms for various membrane 
functions and  membrane-mediated 
phenomena in the light of the model. 
As examples, experimentally testable 
mechanisms are suggested for cell sur- 
face changes in malignant transforma- 
tion, and for cooperative effects ex- 
hibited in the interactions of membranes 
with some specific ligands. 

Note added in proof: Since this ar- 
ticle was written, we have obtained 
electron microscopic evidence (69) that 
the concanavalin A binding sites on 
the membranes of SV40 virus—trans- 
formed mouse fibroblasts (3T3 cells) 
are more clustered than the sites on the 
membranes of normal cells, as predicted 
by the hypothesis represented in Fig. 
7B. There has also appeared a study by 
Taylor et al. (70) showing the re- 
markable effects produced on lympho- 
cytes by the addition of antibodies di- 
rected to their surface immunoglobulin 
molecules. The antibodies induce a re- 
distribution and pinocytosis of these 
surface immunoglobulins, so that within 
about 30 minutes at 37°C the surface 
immunoglobulins are completely swept 
out of the membrane. These effects do 
not occur, however, if the bivalent anti- 
bodies are replaced by their univalent 
Fab fragments or if the antibody ex- 
periments are carried out at 0°C in- 
stead of 37°C. These and related results 
strongly indicate that the bivalent anti- 
bodies produce an aggregation of the 
surface immunoglobulin molecules in 
the plane of the membrane, which can 
occur only if the immunoglobulin mole- 
cules are free to diffuse in the mem- 
brane. This aggregation then appears to 
trigger off the pinocytosis of the mem- 
brane components by some unknown 
mechanism. Such membrane transfor- 
mations may be of crucial importance 
in the induction of an antibody re- 
sponse to an antigen, as well as in 
other processes of cell differentiation. 
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